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 Optoelectronics witnessed a remarkable progress during the last few decades, 
particularly in the fields of information technology and telecommunications. The continuous 
need to transmit and process increasing amounts of information faster than before drove 
researchers to seek new physical concepts and to develop new environments that suited these 
needs. Traditional silicon and metal based electronic components were found to pose certain 
physical limitations. The maximal vibration frequency of an electron in a semiconductor (in 
the microwave range) limits the capacity to modulate carrier waves without creating too much 
interference between different transmission channels, which restrains their applicability. On 
the other hand the photon, a charge free and mass free particle, can carry information faster 
and further, which is the reason why novel emitters and receivers use photons to transmit 
information through optical media. The technological advances achieved during this time 
allowed fabrication of more complex structures that can control the light - matter interaction 
in semiconductor materials. This is how the first semiconductor lasers were made in the 70s. 
The fundamental issues that researchers sought to improve when designing new lasers were: 
tunability, efficiency, and brilliance. However, the control of the electron - hole spatial 
separation proved to be a difficult task. In fact, one of the deficiencies of bulk materials is that 
they exhibit numerous non-radiative recombination channels (phonons, material defects, 
impurities etc.). A solution to this was sought by trying to spatially confine carriers in 
bidimensional structures called quantum wells. The electron - hole spatial separation is thus 
recovered, and the radiative recombination rate is increased. Following the same logic, uni-
dimensional (quantum wires) and zero-dimensional (quantum dots) structures were created. 
Unfortunately, these devices were not as successful as their predecessors. The reasons for this 
deficiency are of technological, as well as physical nature. On one hand, using modern 
industrial technologies, the uncertainty on the dimensions of such nanometrical systems is 
comparable to their size. Thus, the strong energy dispersion cancels out the improvements 
achieved through spatial confinement. On the other hand, the argument for the use of low 
dimensionality structures is the change in the density of states, which translates not only in a 
better control of the spatial charge separation, but also an increased control of their energies. 
This argument is valid up to the point where we consider the presence of Coulomb 
interactions between carriers, which are inevitable in such nanostructures. As a result, the 
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attained densities of states are not as 'sharp' as predicted by theory. Finally, these structures 
are considered to less viable than their predecessors on an industrial scale. At the beginning of 
1980's, another idea emerged: in order to optimize the light-matter interaction, the spatial 
separation of carriers is not the only element that should be taken into account. In fact, the 
light emission phenomenon in a semiconductor material is a three-body problem: an electron, 
a hole, and a photon. Hence, the idea is to equally confine the photon, as well as the carriers, 
by using a cavity of micrometrical dimensions. These structures are now referred to as 
microcavities. By mixing the confinement of the electromagnetic field with the carrier 
confinement, a quantum well based microcavity is created. This idea was behind the creation 
of VCSELs1 (Vertical Cavity Surface Emitting Laser). The vertical cavity laser has many 
advantages over the 'classical' quantum well laser, such as a single-mode working regime due 
to the reduced cavity length (1 µm compared to the 500 µm of a standard quantum well laser). 
Moreover, the very small cone of emission leads to a reduced divergence of the beam 
allowing an easier coupling of the device to an optical fiber. Nevertheless, in this case no 
modification or control of the light - matter interaction can be achieved. 
 A strong modification of light - matter interaction, well known in atomic physics, is 
obtained in the strong coupling regime when an atom interacts with an electromagnetic field 
in a cavity. As long as the interaction between an atom and the electromagnetic field 
overcomes their coherence times, eigenstates of the atom + cavity system are obtained, which 
are mixed atom-photon states. A similar regime was first observed in 1992 in quantum well 
semiconductor microcavities (GaAs/AlAs based) by Claude Weisbuch et al. [1]. The idea 
behind the strong coupling in a semiconductor quantum well based microcavity is that we can 
consider it as a two level system. On one hand, the spatial confinement of carriers, bound by 
the Coulomb interaction, creates the exciton state. On the other hand, the confinement of the 
electromagnetic field due to the presence of the microcavity originates a principal photon 
mode. The translational invariance of the system gives rise to selection rules, in strict analogy 
with a system with two coupled levels. It is thus possible to obtain a strong coupling regime in 
which a perfect mix occurs between the exciton and photon states. These new eigenstates are 
referred to as cavity polaritons, and they are bosonic in nature. Because of this coupling, 
polaritons with a high photon fraction are less sensitive to phonon interaction than excitons, 
and have a very small in-plane mass, 4 to 5 orders of magnitude smaller than that of bare 
excitons, which results in an extremely low density of states. Finally, the lifetime of polaritons 
                                                 
1
 The first realization of a VCSEL with practical use was in 1988. 
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can be controlled by adjusting the cavity losses, i. e. the mirror reflectivity. For reflectivities 
of 96% - 98%, the lifetime turns out to be of the order of 1 ps, which suggests the possibility 
to fabricate ultra-fast devices. 
  Opening a new research field in physics, the strong coupling regime in semiconductor 
microcavities has been the subject of numerous studies during the last few decades. Thanks to 
the expertise on growth and fabrication of GaAs/AlAs based VCSELs acquired in the past, it 
is easy to understand why the first and most exhaustive studies on this topic were focused on 
III-V based (GaAs/AlAs, in particular) quantum well microcavities. These studies have 
focused on: the effect of structural inhomogeneities in the strong coupling regime [2], the 
measurement of the polariton dispersion [3], the optimization of the structures [4], the 
photoluminescence mechanisms [5] - [7], the polariton dynamics in microcavities [8] - [13]. 
 Investigations of the recombination dynamics in the strong coupling regime showed 
that the relaxation of polaritons after a non-resonant excitation was not as fast as it was 
predicted to be. In fact, the strong dispersion of polaritons in the quantum well plane slowed 
their relaxation up to a few hundreds of picoseconds [9] [10] [13], giving rise to an energy 
interval where excitons would accumulate. Nevertheless, taking advantage of the bosonic 
nature of polaritons, there is a way to overcome this accumulation phenomenon, by 
stimulating the relaxation. This phenomenon, known as the 'Boser' effect, was described by A. 
Imamoglu et al. in 1996 [14]. It was this effect that drove the interest of the scientific 
community to produce a new generation of parametric optical amplifiers and ultra-low 
threshold lasers [15] based on the stimulated scattering of polaritons [16]. These devices are 
commonly referred to as 'polariton lasers'. 
 GaAs based microcavities were the first structures considered for the realization of the 
polariton laser due to the advanced knowledge and higher optical quality of this system. 
However, studies have shown that, in the case of non-resonant optical excitation, acoustic 
phonon scattering rates from high wave vector (k) exciton states into polariton states with 
wave vectors corresponding to the strong coupling regime (k  5-6 × 104 cm-1) are small due 
to the large energy transfer required compared to the typical acoustic phonon energies of 1 
meV. Furthermore, the strongly coupled states have very short radiative lifetime (~1 ps) due 
to their high photon fraction, thus leading to a non-thermal polariton population and the 
occurrence of a relaxation  bottleneck [17] [18]. Trying to overcome this bottleneck by 
increasing excitation densities in order to stimulate exciton - exciton scattering resulted in the 
collapse of strong coupling, and the achievement of conventional photon lasing (VCSEL) [19] 
[20]. A suppression of the relaxation bottleneck in GaAs based quantum well microcavities 
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was achieved by using both resonant and non-resonant excitation [21], but this result is of 
little practical use. Polariton lasing was demonstrated only recently on the discrete modes of a 
GaAs/GaAlAs micropillar cavity, but this result is limited to cryogenic temperatures (10 K) 
[22]. In fact, in spite of their very high optical quality, the ability of GaAs based systems to 
operate only at low temperatures is a limiting factor due to which they are currently 
disregarded as potential candidates for the realization of a practical polariton laser. 
 A suppression of the polariton relaxation bottleneck was achieved in II-VI 
microcavities [23] due to the increased exciton binding energy and oscillator strength. These 
properties allowed the observation of more pronounced strong coupling effects with respect to 
the III-V structures, which made these materials better candidates for the observation of a 
'Boser' effect. In fact, the achievement of a polariton Bose - Einstein condensate above a 
threshold in non-resonant excitation in a CdTe based quantum well microcavity was 
demonstrated in 2006 by Kasprzak et al. [24], but, again, the functionality of these structures 
is still limited to cryogenic temperatures. 
 As the ability to operate at room temperature seems to be one of the main requirements 
for a polariton laser, scientists have looked towards other materials that would allow polariton 
lasing at "normal" temperatures. In this context, the nitride family of materials (GaN, AlN, 
InN, and their alloys) emerged as very good candidates to achieve such a goal due to the 
increased exciton binding energy (> 30 meV in low Al content narrow GaN/AlGaN quantum 
wells [25]), with respect to the materials discussed before. Such binding energies allow not 
only the observation of stable excitons in photoluminescence spectra at room temperatures 
and beyond, but also a more pronounced strong coupling with the electromagnetic field, 
suggesting a GaN based quantum well microcavity as the ideal system for the realization of a 
polariton laser operating at room temperature [26]. Other advantages of nitrides include high 
oscillator strengths, the ability to control the n-type and p-type doping, and more importantly 
the wide range tunability by modification of the alloy composition in order to cover the entire 
UV - visible spectrum. Nevertheless, given their remarkable excitonic properties, why wasn't 
a nitride based heterostructure used from the very start to realize a polariton laser? The answer 
is very one sided: GaN related heterostructures were not considered initially for this end 
because of a lack of technology and know-how on the actual growth of high quality nitride 
heterostructures. GaN based nanostructures are at the basis of large classes of blue and 
ultraviolet optoelectronic devices since the early 1990s [27]. Although these devices exhibit 
impressive performances, in depth physical studies have been hindered by their poor optical 
quality, which is far from being ideal. The lattice mismatch between standard substrates and 
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heteroepitaxially grown materials produces structural defects with a density 6 orders of 
magnitude larger than in their GaAs counterparts [28]. Consequently, the concentration of 
non-radiative centers in nitrides is non-negligible [29], thus reducing the recombination 
lifetime. In fact, even for GaAs based quantum well microcavities, several years were needed 
to achieve a satisfactory sample quality [30]. In the case of GaN quantum wells, large 
inhomogeneous broadening of the optical spectra is also usually observed as a consequence of 
strain, interface, and alloy fluctuations [31]. Finally, the quantum confined Stark effect 
associated with the huge piezo and spontaneous polarization fields reduces the radiative 
recombination rate and, eventually, may even inhibit the excitonic recombination [32]. All 
these limiting factors had to be overcome by the evolution of growth technology in order for 
GaN based microcavities to be considered as potential candidates for the realization of a 
polariton laser. 
 
 In this thesis I will present results obtained through high-resolution optical 
spectroscopy measurements that relate directly to the evolution of GaN based nanostructures, 
in view of the achievement of a nitride based room temperature polariton laser. In fact, during 
my Ph.D. thesis, I had the opportunity of participating in a European project with this main 
objective. Therefore, my results illustrate the improvements made by the growers in achieving 
more complete and higher quality heterostructures. 
 Chapter §1 discusses general structural and optical properties of nitrides, with a 
special emphasis GaN based nanostructure. Chapter §2 is an overview of microcavities and 
the strong coupling regime. Growth issues related to the nanostructures described in chapters 
§5 and §6 are discussed in Chapter §3. The various experimental techniques that were used to 
investigate the samples are presented in Chapter §4. As the technological deficiencies related 
to the growth of GaN quantum wells would have out weighted the theoretical benefits of a 
better carrier confinement and increased exciton binding energy, it was the growers' decision 
to use bulk GaN as active medium inside the microcavities at this stage, rather than quantum 
wells. The evolution of bulk GaN semiconductor microcavities, from weak coupling to strong 
coupling, is presented in Chapter §5. Chapter §6 presents results on state-of-the-art 
GaN/AlGaN quantum wells with low Al content in the barriers that are expected to be used as 
active media in a next generation of microcavities. Owing to their improved optical qualities, 
with respect to previous samples, these quantum wells offer insight on physical phenomena 
that could not be previously observed in similar samples. 
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1. Properties of GaN and related nanostructures 
 
 This chapter will be devoted to the review of the main structural and optical properties 
of nitrides, with a special emphasis on GaN related materials and nanostructures that will be 
discussed in this work. We will start with a general overview of the fundamental properties of 
the nitride family (section §1.1), after which we will focus on the excitonic properties of bulk 
GaN (section §1.2). Issues related to the structural properties of GaN related heterostructures 
will be expanded in section §1.3. 
 
 
1.1. Structural properties of the nitride family of semiconductors 
 
 The group III nitrides can be synthesized in two different stable lattice structures: the 
wurtzite and the zinc-blende structure. The terms hexagonal and cubic, respectively, are 
commonly used when referring to these crystal symmetries. Wurtzite and zinc-blende lattices 
are shown in Fig. 1.1. 
 
Figure 1.1. (a) Cubic zinc-blende and (b) hexagonal wurtzite structure. 
 
 The zinc-blende structure, shown if Fig. 1.1 (a), is constituted of two face centered 
cubic sub-lattices, each one made up by atoms of the group III or V, that are shifted of the 
quantity a/4 along the main diagonal, where a is the cube side. As a result, one atom of the 
group III is coordinated with four atoms of the group V, and vice versa, in a tetrahedral 
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arrangement, as in the well known diamond crystal. In this way, the three lattice directions 
[100], [010], and [001] are equivalent. 
 The wurtzite structure, shown in Fig. 1.1. (b), can be viewed as a series of alternating 
layers of group III and group V atoms, with in-plane hexagonal arrangement. Each atomic 
layer, with the hexagon side a, is facing a corresponding layer made up by atoms of the other 
group and located at a distance u. Each couple of planes is shifted respect to the neighbouring 
couple to reproduce a periodic structure, with period c, along the [0001] direction orthogonal 
to the hexagonal planes. As in the case of the zinc-blende, each atom is linked with four atoms 
of the other atomic type in a tetrahedral arrangement, except the tetrahedron is not regular in 
the case of a wurtzite, and two lattice constant, a and c, are necessary in order to describe it. 
GaN, InN, AlN, and their alloys can crystallize in both wurtzite and zinc-blende lattice forms, 
and the corresponding band structures are quite distinct due to differences in the underlying 
symmetries. 
 The main parameter that determines the optical and electronic properties of a massive 
(bulk) semiconductor is represented by the energy difference (Eg) between the top of the 
valence band (VB) and the bottom of the conduction band (CB), a region which is known as 
the forbidden band. In an ideal semiconductor, this band is not allowed to be populated by 
electrons, and the value of Eg is termed energy gap or band gap. 
 The band gap values for GaN, AlN, and InN have been extensively studied. The work 
of I. Vurgaftman and J. R. Meyer [33] is a comprehensive review of band parameters for all 
nitrogen-containing III-V semiconductors. The values recommended by the authors have 
suffered little modifications ever since.  Figure 1.2 depicts energy gap values at T = 0 K for 
the wurtzite and zinc-blende nitride semiconductors as a function of the lattice constant, 
according to ref. [33]. 
 When considering uniform ternary alloys of the type AxB1-xC, where x is the molar 
fraction of A with respect to the total molar fraction of A + B in the ternary compound, 
Vegard's law is a straightforward approximation used to determine a physical property P as 
the linear interpolation between the values of this property of the two binary compounds AC 
and BC. So we have: 
 
  ( ) ( ) BCACxx PxxPCBAP −+=− 11       (1) 
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 This relation holds quite well for most of the structural and mechanical parameters, but 
in some cases it is not satisfactory. In fact, big deviations from the linear behaviour are 
observed for some important physical properties, such as the band gap. For the ternary alloys 




( ) ( ) ( ) ( ) ( )bxxBCExACxECBAE ggxxg −−−+=− 111 ,   (2) 
 
where the so-called bowing parameter b accounts for the deviation from a linear interpolation 
between the two binary compounds AC and BC. 
 
Figure 1.2. Energy gap values at T = 0 K of wurtzite (solid curves) and zinc-blende (dashed) 
nitride semiconductor alloys and binaries (points), as a function of lattice constant, 
reproduced from [33]. The visible spectrum energy interval is also represented. 
 
 The bowing parameter is always positive for these materials, which reflects a 
reduction of the alloy energy gaps with respect to Vegard's law. The bowing effect is clearly 
evident in the curves connecting the binary end points. The reason of the non linear behaviour 
expressed in eq. (2) can be mainly attributed to the existence of local strain due to mismatch 
between the AC and BC compounds. Extensive experimental and theoretical studies have been 
devoted to the determination of the bowing factor b [33], and usually a linear interpolation of 
the existing measurements on the energy gaps of various ternary alloys with different x is 
employed. 
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 The temperature dependence of the energy gap of GaN, AlN, and InN can be 
parameterized using the commonly employed Varshni formula [33]: 
 







0  ,       (3) 
 
where Eg0 is the value of the energy gap at T = 0 K, and α and β are the so-called Varshni 
coefficients related to the specific semiconductor. 
 In the following, our discussions will focus on the wurtzite structure, as this was the 
symmetry of choice for the samples discussed in this thesis. Table 1.1 summarizes some of 
the main structural parameters of the wurtzite nitride binaries discussed so far: the elementary 
cell parameters a, c, and u, the energy gaps Eg, and the Varshni coefficients α and β, 
following ref. [33]. 
 
Parameters GaN AlN InN 
a (Å) at T = 300 K 3.189 3.112 3.545 
c (Å) at T = 300 K 5.185 4.982 5.703 
u (Å) at T = 300 K* 0.376 0.38 0.377 
Eg (eV) at T = 0 K 3.51 6.25 0.78 
α (meV/K) 0.909 1.799 0.245 
β (K) 830 1462 624 
 
Table 1.1. Band structure parameters for wurtzite nitride binaries, 
as recommended by ref. [33]. (*) Taken from ref. [34]. 
 
 
1.2. Excitonic properties of bulk GaN 
 
 In general, the optical transitions in semiconductors are the result of a process in 
which a hole and an electron are created (recombine) as a result of the absorption (emission) 
of a photon. The excited carriers in the lattice are relatively free to move, although they still 
interact with the lattice background made up by the ionized and neutral atoms. Such 
interaction is defined in the shape of the conduction and valence bands, and it plays a 
fundamental role in the determination of the recombination and absorption dynamics. In a 
simplified picture, the influence of the lattice on carriers is represented by means of the 
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introduction of electron and hole effective masses that are related to the band curvature at the 
k

 transition. For direct band gap semiconductors, with non-degenerate and isotropic bands, 
the dispersions of the valence and conduction bands are approximated as being parabolic. 
This approximation is satisfactory in the vicinity of the Brillouin zone center ( k

 = 0). 
 
Band structure of GaN 
 The band structure for wurtzite GaN is represented in Fig. 1.3. 
 
Figure 1.3. Illustration of the band structure of GaN. 
 
 GaN, as well as the other nitrides in the wurtzite phase, presents a direct band gap 
structure, in which the minimum of the conduction band and the maximum of the valence 
band occur at the Γ point in the k

 space. In a direct band gap semiconductor, the absorption 
(emission) of light requires energy and momentum conservation between the photon and the 
electron in the valence (conduction) band. Due to the fact that the photon momentum, 0k

, in 
the visible range is of the order of 104 cm-1, negligible with respect to the extreme of the 
Brillouin zone (107 ÷ 108 cm-1), the optical transition is almost vertical. Therefore, direct band 
gap semiconductors are more efficient concerning radiative recombinations with respect to 
indirect band gap ones. 
 The Coulomb interaction between the excited electron and hole gives rise to the 
formation of bound electron-hole pairs. These two-particle systems, called excitons, lead to 
sharp optical features that appear at an energy equal to the carrier-carrier transition energy 
diminished by the electron-hole binding energy xbE , also known as exciton binding energy 
(see Fig. 1.4). 
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 Excitons can be described in two limit cases: Frenkel excitons and Wannier-Mott 
excitons (or simply Wannier) [35]. The first case is that in which there is a strong attractive 
force between electron and hole (e. g. ionic crystals), and there is a strong binding force 
between the two particles within the same unit cell, or within the adjacent cells at most [35]. 
We shall not discuss this case however, and we will focus on the Wannier excitons, which are 
typical for most III-V semiconductors. In this case, the Coulomb interaction between electron 
and hole is screened by the polarization of the medium that surrounds the charges, caused by 
all the virtual transitions of the excited states. As a result, electrons and holes are weakly 
bound, and separated by a distance of the order ten times the lattice constants. 
 
Figure 1.4. Schematic representation of the excitonic levels. 
 
 A simple model to describe Wannier excitons is the hydrogen atom model, leading to 







n −=   26.13 ε
µ
eVE xb = ,    (4) 
 
where n is the principal quantum number, ( )hehe µµµµµ += /  is the reduced mass, with µe 
and µh the electron and hole effective masses in mass units, respectively, and ε is the 
dielectric constant (typically ε ~ 10 in the case of semiconductors). Similarly, the excitonic 
radius is given by: 
 




εÅ53.0≅xr          (5) 
 
Free excitons 
 The case discussed above is a simplified model which assumes non-degenerate 
conduction and valence bands. The case of GaN is more complex however, because even 
though in the Γ point the conduction band is indeed non-degenerate, the valence band is more 
complex because of the perturbation generated by the crystal field (∆cf) and the spin-orbit 
interaction (∆so), as depicted in Fig. 1.5. 
 
Figure 1.5. Effect of crystal field splitting and spin-orbit coupling on the valence band 
(near the Γ point) of wurtzite GaN [37]. At k = 0, the valence band is split by the combined 
action of crystal field and spin-orbit coupling into A(Γ9), B(Γ7), and C(Γ7) states. 
 
 The radiative recombinations between the electrons in the conduction band (Γ7) and 
the holes in the three valence band states Γ9 (or HH, as it is associated to a heavy hole state), 
Γ7 (or LH, as it is associated to a light hole), and Γ7 (CH - associated to the presence of the 
crystal field) give rise to the formation of three excitonic transitions termed A, B, and C, 
respectively, in the order of their increasing energy. For bulk GaN, the electron effective mass 
is me = 0.2m0 [33], while the value obtained for the average "bare" hole mass is mh = 0.476m0 
[38], where m0 is the free electron mass. However, due to the crystal field splitting and spin-
orbit interaction, mh assumes different values for each of the valence bands that can be 
calculated using Luttinger parameters [38]. 
 Usually, the recombination of the A exciton is the most prominent, while that of the C 
exciton is the weakest. Owing to an uncertainty in the hole mass, the theoretical range for the 
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A exciton binding energy in bulk GaN is 23-28 meV [39], values that have been largely 
retrieved by experimental groups [33]. This value, to be compared to that of 5 meV of GaAs 
[36], assures its stability even at room temperature, and it is the main reason why GaN related 
structures are so interesting for practical purposes. 
 
Bound excitons 
 Although the A, B, and C excitons are systems made up by two bound particles, they 
can however move freely in the sample plane, which is the reason why they are described as 
being free excitons. In general, in the band gap energy region, apart from the free exciton 
recombination, there are also other recombinations possible which have an extrinsic character. 
Such recombinations are those of the bound excitons. In this case, one of the two particles that 
makes up the free exciton can interact with an impurity or an imperfection of the crystalline 
lattice. Due to this interaction, the exciton remains confined in a region which is close to the 
defect, and hence a bound exciton is formed. For instance, one of the most common situations 
encountered for GaN layers is that in which an exciton can interact with a neutral donor 
(acceptor), so that the electron (hole) remains bound to the impurity; in such a case we have a 
so called donor bound exciton DBE (acceptor bound exciton ABE) [40] - [42]. 
 The presence of defects in the material and the subsequent formation of bound 
excitons, leads to the appearance of new optical transitions, at lower energies than the free 
exciton to which they are associated. This energy difference accounts for the localization 
energy of the exciton and depends on the specific defect. 
 
Biexcitons 
 Besides from being a two-particle bound system, being delocalized in an ideal crystal, 
and exhibiting a sharp optical transition, free excitons are similar to an atomic gas also in the 
sense that they can interact with each other to produce exciton molecules, also known as 
biexcitons. Biexcitons, however, are extremely sensitive to structural disorder, as the presence 
of disorder in the sample causes the excitons to localize before any further interaction 
between them is possible. In order for biexcitons to form, the rate at which free excitons 
localize must be reduced as much as possible, and this can only be achieved by increasing the 
optical quality of the sample. Therefore, the presence of a biexcitonic recombination in a 
semiconductor structure is considered a 'trademark' of its high optical quality, which is the 
reason why the study of biexcitons will be one of the main foci of chapter §6. 
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Line broadening 
 A very important aspect in our study of the excitonic transitions is the spectral 
broadening of the absorption and recombination bands. Generally, two types of broadening 
mechanisms can be distinguished: the homogeneous broadening and the inhomogeneous 
broadening. The homogeneous broadening is related to the interaction between excitons and 
phonons. When considering the contribution of acoustic phonons, dominant at high T, the 
broadening is proportional to kBT; hence, it increases with temperature. The homogeneous 
contribution can be accounted for by considering a Lorentzian distribution of states. On the 
other hand, the inhomogeneous broadening is associated to various defects that can be present 
in the crystalline lattice, such as strain related defects, impurities, and variations of material 
composition. Its contribution can be accounted for assuming a Gaussian line shape; it is 
temperature independent and therefore, when both inhomogeneous and homogeneous 
broadenings contribute to the line shape, the weight of the inhomogeneous part tends to 
diminish with increasing temperature [43]. 
 
 
1.3. Properties of GaN based heterostructures 
 
 The production of semiconductor based devices needs the realization of different 
semiconductor, conductor and insulating layers. The design and realization of these structures 
needs the comprehension of the effects derived by the presence of interfaces between 
materials with different lattice constants, lattice symmetry and, in general, different optical 
and electronic properties. Although the investigation of these effects is beyond the objectives 
of this thesis, they have a huge impact on the data presented in chapters §5 and §6, which is 
why we chose to give a description of these effects in this section. 
 A semiconductor heterostructure is obtained when different semiconductor materials 
are grown successively on the same substrate. The required lattice symmetry for a nitride 
heterostructure can be induced by the choice of an appropriate, hexagonal or cubic, growth 
substrate. For III-nitrides semiconductors, and for the samples discussed in chapters §5 and §6 
in particular, the wurtzite structure can be obtained for instance by growing on the (001) plane 
of a Sapphire crystal (Al2O3) or the (111) plane of a Silicon crystal. Due to a lattice mismatch 
between the layers that make up the heterostructure (see Fig. 1.2), as well as the substrate 
itself and these layers, mechanical strain is accumulated at the interfaces between different 
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materials. The effects of strain are addressed in more detail in section §1.3.2, while in section 
§1.3.1 these effects are largely neglected, and the emphasis is placed on illustrating the effects 
of quantum confinement. 
 
 
1.3.1 The quantum well 
 
 The sequential growth of different semiconductor materials results in a structure 
whose conduction and valence band profiles vary with position along the growth direction. 
The single quantum well structure (studied in chapter §6) is obtained by the growth of a thin 
layer of a certain semiconductor material between two other layers, called barriers, with 
higher band gaps. In this work we will refer to the so-called type-I quantum well, where the 
small band gap material (A) has both its electron and hole levels confined by a wider band gap 
material (B) [44]. The Hamiltonian for the electron (hole) contains an additional term due to 
the confinement potential. As a consequence of the break of the symmetry along the growth 
direction, the optical and electronic properties of the structure change substantially with 
respect to that of the massive constituents. In particular, transition energies blue shift and the 
radiative efficiency is increased. 
 The energy levels in the conduction band can be calculated quite easily in the 
approximation of the envelope function [45], using a Kane model [46] for describing the 
electron and hole states of the parent A and B materials [47]. It can be shown [45] that the 
electron wave function takes approximately the form: 
 









,       (6) 
 
where z is the growth direction, ⊥k

 is the transverse electron wave vector, ( )ru kc   is the Bloch 
wave function in the A or B material, assumed equal for A and B, and χn(z) is the envelope 
wavefunction, which satisfies the Schrödinger-like equation [45]: 
 














,     (7) 
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where m*(z) is the electron effective mass of the A or B material, Vc(z) represents the energy 
level of the bottom of the conduction bands, and εn is the so-called confinement energy of the 
carriers. Moreover, the continuity conditions at the interfaces are that )(znχ  and 
]/)()][(/1[ * zzzm n ∂∂χ  should be continuous. 
 Fig. 1.6 is a schematized reproduction of an 'ideal' single symmetric quantum well 
(QW) of type-I, in which strain effects are ignored, and hence the electrons and holes are 
confined in the same semiconductor slab. 
 
Figure 1.6. Schematized representation of a single symmetric quantum well. 
 
 The definition of the band profile in the growth direction requires the knowledge of 
the conduction band discontinuity ∆Ec (or equivalently the ∆Ev) at the well-barrier interface. 










=          (8) 
 
 The different alignment of the conduction and valence bands depends on a variety of 
factors, such as the chemical potentials of the two facing materials, whose value depends on 
the doping in the sample. The determination of f can be quite difficult because of the fact that 
very often it depends on the particular sample and the unintentional doping due to 
substitutional impurities or other defects of the crystalline lattice incorporated during the 
growth. Also, strain affects the band alignment, and in the case of interest, for a GaN/AlN 
interface, the value of f was calculated to be around 0.3 [48]. 
 The quantum well structure provides a 1-dimensional (1D) confinement in the growth 
direction, leaving electrons and holes free to move in the growth plane. We will not discuss 
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other cases where further reductions of the dimensionality of the confining structure lead to 
quantum wire and quantum dot structures that provide 2D and 3D confinement, respectively. 
 The reduction of the number of degrees of freedom of carriers strongly modifies the 
optical and electronic properties of the structure. In particular, the modification of the density 
of states (DOS) can lead to the creation of a series of discrete energy levels. 
 In Fig. 1.7 the density of states is schematized for the bulk (0D confinement,) and the 
quantum well (1D confinement). 
 In general, the reduction of dimensionality produces an enhancement of the 
singularities of the density of states as a function of the carrier energy E. The reduction of the 
degrees of freedom from 3 to 2 makes the density of states change from (E - Eg)1/2 to a step 
function given by nθ(E - En), where θ(E) is the Heavyside function, and n identifies the n-th 
excited state with energy En. The quantity En - Eg is the confinement energy of the electron. 
An analogous definition holds for the hole in the valence band. 
 
Figure 1.7. Schematic representation of the density of states 
for 0D (bulk) and1D (quantum well). 
 
 The following relations report the energy dependence for the density of states D(ω) for 
the two confinements considered here: 
 
  bulk: ( ) ( ) 21nEEED −∝        (9) 
  well: ( ) ( )nEEnED −∝ θ        (10) 
 
 Since the density of states is involved in the optical transition probability, which 
determines the radiative efficiency and the spectral features of the absorption and emission of 
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light, the quantum confinement turns out to deeply modify the carrier behaviour and the 
properties of the semiconductor heterostructures. In a massive semiconductor, the energy 
threshold for light absorption is simply given by the energy gap Eg. The introduction of a 
spatial confinement increases the transition energy, and a series of En bands are obtained, with 
n = 1 corresponding to the band with the lowest energy. 
 The density of states of each excitonic branch, numbered n = 1, 2..., follows 
substantially the behaviour of the bulk density shown in Fig. 1.7. This remains true when 
introducing a quantum confinement. The density of states shown in Fig. 1.7 for each 
confining structure is simply applied to each excitonic branch. Concerning the excitonic 
transition energy at the bottom of the excitonic band (namely at 0=k

), the interdiction of one 
degree of freedom, in the limit of a perfectly 2-dimensional quantum well with infinite 
barriers and well width tending to zero, introduces the following changes: 
 












n  , (11) 
 
with EC being the confinement energy. For the first excitonic level (n=1) this implies an 
increase of the exciton binding energy of a factor 4. However, as it will be seen in chapter §6, 
in the case of a quantum well with finite width and finite barrier height that is also subject to 
strain effects, this increase is much smaller. 
 
 
1.3.2. Strain related effects: the polarization in wurtzite nitride heterostructures 
 
 Although a rigorous analysis of strain is beyond the scope of this thesis, its presence in 
GaN based heterostructures is without a doubt the biggest limiting factor that prevents the 
achievement of samples with an optical quality equivalent to their GaAs counterparts. Hence, 
a qualitative description of the most important strain related effects will be given in this 
subsection. 
 The presence of strain due to lattice mismatch can influence the optical and electrical 
properties of the material in many ways. The growth of a GaN heterostructure that obeys a 
wurtzite symmetry can be imposed by choosing an appropriate substrate, with a similar 
crystalline structure. For GaN, the most commonly employed substrates are the c-plane of a 
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sapphire (Al2O3) crystal and Silicon (111). Although they have the same crystal symmetry, 
the lattice mismatch between Sapphire (0001) and GaN is 16% [49]. This value increases to 
17% for a Silicon (111) - GaN interface. Although a higher defect density is expected in the 
case of a growth on a Silicon (111) substrate, this material is more interesting for applications 
due to the ease with which Silicon based technologies can be integrated in electronics. The 
strain accumulated during the growth process can relax, leading to the presence of defects in 
the lattice structure, such as cracks and dislocations. Such dislocations are shown in the cross-
section transmission micrograph of a high efficiency blue light emitting diode (Fig. 1.8) [50]. 
 
Figure 1.8. Cross-section transmission electron micrograph 
of a high efficiency blue light emitting diode [50]. 
 
 Although the purpose of the GaN buffer layer is to relief the strain accumulated due to 
a lattice mismatch with the sapphire substrate, strain gives rise to threading dislocations, with 
a density of ~1010 cm-2 [50], that cross the active region of the device, as shown in Fig. 1.8. 
This value is 6 orders of magnitude higher than the ~104 cm-2 dislocation density associated to 
III-V arsenide systems [49]. Such defects lower the optical quality of the material by inducing 
variations of the band gap, and hence increasing the inhomogeneous broadening of the 
absorption and recombination bands. Also, they influence the recombination dynamics by 
acting as localization centers for the excited carriers or by giving rise to non-radiative 
recombination channels, reducing the overall optical efficiency of the structure. Moreover, the 
unrelaxed strain can lead to the presence of electric fields in the structure that modify the 
spatial distribution of the excited charges by modulating the conduction and valence band 
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profiles. In the case of quantum confined structures, the presence of the electric field modifies 
the optical and electronic properties of the sample. 
 Of particular importance for the samples described in chapter §6 is the built-in electric 
field. In these structures the presence of an electric field is due to two factors. The first one is 
linked to the presence of strain in the structure leading to the presence of piezoelectric 
polarization. This induces a piezoelectric charge distribution that generates a static electric 
field in the heterostructure. The second factor is related to the presence of a lack of symmetry 
in the crystal structure that is present in the semiconductors with a wurtzite lattice symmetry. 
This factor induces a spontaneous polarization ( spP

), even in ideal strain free structures. 
 The presence of spP

 in nitride semiconductors is due to the lower symmetry of the 
hexagonal wurtzite structure with respect to that of the cubic zinc-blende lattice. It is very 
difficult to separate experimentally the spontaneous polarization and the piezoelectric 
polarizations, because they both lead to the presence of an electric field built in the 
semiconductor. The spontaneous polarization has been addressed from a theoretical point of 
view by Bernardini et al. [34]. The authors found very large values for the spontaneous 
polarization and, in particular, there is a large difference in spP

 between AlN and GaN [34]. 
As we will see in chapter §3, this factor was a major decision maker for the growers when 
they had to decide a design for the structures presented in chapters §5 and §6. 
 The piezoelectric effect is represented by the induction of an electric field inside a 
material when a strain field is applied to it. In this way an electric dipole is induced, leading to 
a macroscopic piezoelectric polarization ( pzP

). The induction of the pzP

 vector depends on 
the particular lattice structure and on the lattice direction along which the strain field is 
applied. As pzP

 is zero in the case of a perfect lattice matching between the different layers of 
a semiconductor heterostructure, theoretically its contribution can be canceled out by using 
quaternary alloys in order to achieve lattice matching. However, in practice this approach has 
its drawbacks, as it will be explained in chapter §3. 
 Finally, the total polarization of a material ( P ) is expressed as the sum of the 
spontaneous and piezoelectric contributions: 
 
  pzsp PPP

+=          (12) 
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The Quantum Confined Stark Effect (QCSE) 
 The electric field that is due to the presence of built-in polarization can influence the 
electron and hole dynamics when they are subject to quantum confinement. In a 
heterostructure that provides a quantum confinement, the spatial separation of the excited 
charges together with the reduction of the transition energy due to the presence of an electric 
field is called Quantum Confined Stark Effect (QCSE). 
 In the case of quantum well structures, such as those studied in chapter §6, because the 
electric field due to polarization is parallel to the growth direction z, we have a so-called 
longitudinal QCSE. In the absence of an electric field (Fig. 1.9 (a)), the conduction and 
valence profiles are flat, and the electron and hole wavefunctions are symmetric and spatially 
centered in the middle of the well. By applying a longitudinal electric field, the average 
positions of the electrons (holes) start to move towards negative (positive) values of z (Fig. 
1.9 (b)). 
 
Figure 1.9. Deformation of band profiles and decrease of carrier superposition 
with increasing longitudinal electric field from (a) zero field to (b) strong field. 
 
 In nitride multilayers, the value of the built-in electric field is of the order of ~1 
MV/cm [48]. The field induced bending of the band edges causes a spatial separation of 
confined electrons and holes within the well region (see Fig. 1.9), and has therefore important 
consequences on the optical properties of nitride-based heterostructures. The most important 
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consequences of the QCSE are: (i) the red shift of the transition energy with increasing well 
width and (ii) the blue shift of the transition energy with increasing excitation power, also 
know as the screening of the electric field [51] [52]. Electrons and holes are separated by the 
polarization field, but the free carrier induced field is opposite to the polarization field. The 
two fields tend to cancel each other out for high carrier densities, produced by high excitation 
densities, hence the carriers tend to recover their central positioning in the well region. This 
translates not only in the blue shift of the transition energy, but also into an increase of the 
recombination rate of electrons and holes as a result of an increased overlap between their 
wavefunctions in the well region, consequent to the screening of the electric field. The 
combined action of the well width and excitation power variation on the transition energy and 
recombination rate of the C1 - V1 recombination in a GaN/InGaN quantum well is presented 
in Fig. 1.10 [53], C1 and V1 being n = 1 level for electrons and holes, respectively. 
 
Figure 1.10. C1 - V1 transition energy and recombination rate versus 
well width for several n2D densities in a GaN/InGaN quantum well [52]. 
 
 Given these considerations, it is easy to see why the presence of QCSE in nitride 
heterostructures is an unwanted effect. Because a spontaneous polarization will always be 
present in these structures, QCSE cannot be completely eliminated, and special care must be 
taken when designing nitride structures in order to minimize the QCSE and account for its 
effects. In chapter §6 we will use these concepts to discuss the influence of the joint impact of 
quantum confinement and QCSE on the excitonic properties of GaN/AlGaN quantum wells 
with low Al content in the barriers. 
 
1. Properties of GaN and related nanostructures 
 18 
 
1.4. Conclusions of the chapter 
 
 Looking at the structural properties of nitrides, and bulk GaN related materials in 
particular, the advantages they seem to offer over conventional III-V semiconductors (such as 
GaAs related structures) appear to be overwhelming. The existence of a direct band gap at the 
Γ valley that favours optical transitions, the possibility of tuning the emission from IR to deep 
UV when ternary and quaternary alloys are considered, and a large binding energy that allows 
excitons to be stable up to room temperature (and beyond) suggest that GaN related materials 
are indeed the best choice for the realization of next generation optoelectronic devices. 
 However, as these devices are in fact complex heterostructures, they are subject to 
numerous unwanted effects. The presence of strain causes cracks and dislocations that act as 
non-radiative recombination centers for carriers, and as scattering centers for photons, thus 
lowering the optical quality of the device. Also, the QCSE resulting from the natural presence 
of spontaneous polarization in wurtzite semiconductors combined with the piezoelectric field 
generated by strain between layers with different lattice constants can cause a spatial charge 
separation large enough to cancel out the advantages of confining carriers in a quantum well 
structure. 
 In chapter §3 we will discuss how these deciding factors influenced the approach of 
the growth process for the samples discussed in chapters §5 and §6. 
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2. Microcavities in the strong coupling regime 
 
 In Chapter §1 we concluded that the advantages exhibited by GaN related materials, 
and especially their large exciton binding energy allowing excitons to be stable up to room 
temperature and beyond, make them prime candidates for the study of light - matter 
interaction in semiconductor microcavities. In order to observe this interaction however, high 
quality resonators are needed that provide sharp photon resonances and allow an efficient 
coupling with the excitons of the GaN based active medium. In this chapter we will discuss 
the principles of such resonators. We will begin by describing the general principles of a 
Fabry-Pérot resonator (section §2.1) and the transfer matrix formalism that allows us to 
extract relevant parameters, such as reflectivity and transmission, of an optical resonator 
(section §2.2), after which we will refer to the peculiarities of a semiconductor microcavity 
(section §2.3). We will then discuss formation of cavity polaritons and the strong coupling 
regime in a semiconductor microcavity (section §2.4), and we will refer to the condensation 
of polaritons as the idea behind realizing a polariton laser (section §2.5). 
 
 
2.1. The Fabry-Pérot resonator 
 
 The Fabry-Pérot resonator is a system composed by two mirrors M1 and M2 separated 
by a medium with a refractive index ncav and a length Lcav (Fig. 2.1). An electromagnetic field 
incident at an angle θ1 on M1 will travel back and forth inside the cavity, giving rise to a 
reflected field and a transmitted field on each side of the cavity. This will result into multiple 
interference inside and outside the cavity, which is dependent of Lcav. In order to simplify the 
problem and to better relate to our case of semiconductor microcavities (§2.3), we will 
consider that the mirros M1 and M2 are made of dielectric materials with reflectivity 
coefficients r1 and r2 and transmission coefficients t1 and t2, and that 121 == nn . 
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Figure 2.1. Representation of a Fabry-Pérot resonator. 
 
 The incident electric field (plane wave) can be expressed as ikzi eEE 0= , with 
λpi2=k , where λ  is the wavelength of the incident field. The amplitude of the total 
transmitted electric field tE  can be written as the sum of all the waves that are transmitted out 
of the resonator, taking into account the phase variation due to the different optical paths [54]: 
 












,      (13) 
 
where ( ) λθpiϕ cos2 cavcav Ln= , where θ is related to θ1 through Snell's law. Eq. (13) is a 
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 Considering the reflectance and transmission coefficients 2ii rR =  and 
2
ii tT = , with 
1=+ ii TR  in the case of an ideal resonator (no losses induced by absorption, scattering etc.). 























=      (16) 
 
 In Fig. 2.2 we show the variation of FPT  as a function of ϕ  for different values of 1R  
and 2R , with 21 RR = . 
 
Figure 2.2. Transmission of a Fabry-Pérot resonator for R1=R2. 
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where m = 1, 2, 3... is the mode order. The free spectral range, i. e. the separation between 
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ν      (20) 
 
 An important parameter that defines the quality of a Fabry-Pérot resonator is the 
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 Similarly, the quality of a Fabry-Pérot resonator can be quantized through the so-
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 We can define the photon's average lifetime cτ  inside the cavity: 
 




=τ         (23) 
 
 A longer photon lifetime inside the cavity ensures a better coupling of the photons 
with the excitons of the active medium, so it is obvious that in order to increase mQ  (and 
subsequently cτ ), one needs to use mirrors with the highest possible reflectivities. 




2.2. The transfer matrix formalism 
 
 The mirrors usually employed for the realization of semiconductor microcavities are 
dielectric mirrors called Distributed Bragg Reflectors (DBRs), which are multilayered 
structures made of semiconductor materials of alternating high and low refractive index. As a 
result, semiconductor microcavities are structures usually made out of several tens of layers 
with varying refractive indexes, and a proper approach is needed to simulate and tailor their 
optical properties. The transfer matrix formalism [55] is a tool that helps us to study the 
propagation of light through such layered structures. 
 The idea is to rewrite the Snell-Descartes laws in a matricial form. We shall first 
consider an interface that separates two media with refractive indexes 1n  and 2n . We can 
describe the electric and magnetic fields of a plane wave incident on the interface at an angle 













,        (25) 
 
where ω  is the pulsation, xk  and zk  are the components of the wave vector k

, so that 
2222 || kkkk zx ==+

, 1cosθkk z =  and 1sinθkkx =  (Fig. 2.3). 
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 Two types of polarizations can be distinguished. The TE polarization (or "s-wave") is 
associated with the waves that propagate with an electric field E

 perpendicular to the plane of 
incidence (described by normal to the surface and incident wave vector). The TM polarization 
(or "p-wave") is associated with the waves that propagate with an electric field E  parallel to 
the plane of incidence. In a homogeneous and isotropic medium, TE and TM make up a base 
in which any form of polarization can be described. 
 Now let us consider the amplitudes 1a , 1b , 2a , and 2b  of the incident field, reflected 
field, transmitted field, and the field incident from the opposite direction on the considered 
interface (Fig. 2.4). 
 
Figure 2.4. Field amplitudes used in describing the transfer matrix formalism. 
 
 The continuity conditions for the fields across the interface can be written as, in the TE 
case: 
 
  ( ) ( )2211 baba +=+         (26) 
  ( ) ( )22221111 coscos banban −=− θθ ,      (27) 
 
and for the TM case: 
 
  ( ) ( ) 222111 coscos θθ baba +=+       (28) 
  ( ) ( ) 222111 nbanba −=−        (29) 
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 In fact, the field amplitudes on one side and the other of the interface are related 
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DTM    (36) 
 
 Similarly, one can calculate the Fresnel coefficients that give the fractions of the 
reflected and transmitted fields on each side of the interface. These coefficients are: 
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t = ,      (39) 
 






























tD         (40) 
 














nT =      (41) 
 
 Hence, the transfer matrix formalism allows a simple calculation of the reflectivity and 
the transmission of a multilayered structure, and it is particularly suitable for numerical 
calculations. As a consequence, the simulated reflectivity and transmission spectra of the 
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various layered structures (DBRs, microcavities) that will be presented in the following 
sections and chapters were obtained using a Matlab program that uses the transfer matrix 
formalism to calculate these coefficients. 
 
 
2.3. Semiconductor microcavities 
 
The Bragg reflectors 
 As we have previously mentioned, distributed Bragg reflectors (DBRs) are periodic 
layered structures, usually composed of two alternating semiconductor materials with 
refractive indexes n1 and n2, and thicknesses d1 and d2, so that 4/02211 λ== dndn , where 0λ  
is the vacuum wavelength of the resonant cavity mode. 
 The role of these layers is to recover through an interplay of constructive interferences 
the transmitted part of the electromagnetic wave incident on each of the interfaces (Fig. 2.5). 
In this approach, a plane wave reflected at a n0/n1 or n2/n1 interface (n1 > n2 > n0) undergoes a 
pi phase change, while that reflected at a n1/n2 interface suffers no change of phase. Every 
time the electromagnetic wave traverses a layer, its phase is increased by pi/2. In the end, the 
phase difference between the light that goes out through the incident surface and the incident 
beam is always pi, which gives rise to constructive interference between the two waves. 
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 In analogy with the principle of operation of a Fabry-Pérot resonator, the condition of 
constructive interference determines an increase of the reflection coefficient, and, with a 
convenient choice of layer parameters, reflectivity values close to unity can be obtained. 
Thanks to the transfer matrix formalism described in the previous section, the optical response 
of a DBR can be easily resolved numerically. For a DBR composed of 2N layers, we can 





























,1 ,       (42) 
 
where iiD ,1−  is the transfer matrix at the interface between the medium i-1 and the medium i, 
and iP  is the propagation matrix across the medium i. Following this procedure, in Fig. 2.6 
we present the simulated reflectivity spectra of an 8 pair Al0.2Ga0.8N/AlN DBR grown on a Si 
(111) substrate, optimized for a central energy 0ν  of 3.49 meV (~355 nm). The parameters 
used in this simulation are: the refractive index of the incident medium (air), n0 = 1; the 
refractive index of AlN (nAlN = 2.165) and Al0.2Ga0.8N (nAl0.2Ga0.8N = 2.52) at 355 nm [56]; the 
refractive index of the Si (111) substrate (nSi = 5.64) at 355 nm [57]. For the sake of 
simplicity, no energy dependence of the refractive indexes was assumed, and no absorption 
effects in the DBR layers were considered. 
 
Figure 2.6. Theoretical reflectivity spectrum of a DBR made out of 
8 pairs of Al0.2Ga0.8N/AlN λ/4 layers grown on Si (111). 
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 The maximum reflectivity of this DBR is 94.0≅R , at  the central energy 0ν . We 
define as stop band the spectral range centered at 0ν  where R > 0.9. Its presence can be 
explained by considering the DBR as a one-dimensional periodical system. The wave pattern 
in such a structure must obey the Bloch theorem. In analogy with electrons in a crystal, a zone 
of forbidden solutions for the wave vectors is thus created: the gap. This stop band is the 
spectral range of forbidden photonic modes in the structure. For a sufficiently high number of 
layers (N), the width ν∆  of the stop band is proportional to the refractive index difference 
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where n is the average value of the refractive index. For the structure simulated above, the 
stop band width is ~34 nm, which corresponds to a stop band of ~335 meV in this spectral 






















































R ,       (44) 
 
where sn  is the refractive index of the substrate and 0n  is the index of the incidence medium. 
We see that if the contrast between the refractive indexes of the Bragg layers is small, N must 
be increased in order to recover the desired reflectivity at the central energy. 
 Following eq. (22), in order to have a cavity with a quality factor of several hundreds, 
both mirrors' reflectivity needs to be higher than 95%. In Fig. 2.7 we show the dependence of 
reflectivity on the number of pairs of λ/4 layers for a Al0.2Ga0.8N/AlN DBR, using the 
refractive indexes quoted for the theoretical reflectivity spectra presented in Fig. 2.6. It thus 
becomes obvious that since in our case the ratio between the layers of the DBR is 
164.1/ 21 =nn , at least 9 pairs of λ/4 layers must be used for the Bragg reflector in order to 
achieve a reflectivity higher than 95%. 
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Figure 2.7. Reflectivity as a function of the number of λ/4 pairs (2N) 
for an Al0.2Ga0.8N/AlN DBR. 
 
The semiconductor microcavity 
 A semiconductor microcavity is a structure obtained through specific growth 
techniques, which will be discussed in more detail in the following chapter. As a result, due to 
constrains on the growth process, semiconductor microcavities are generally of the type 
shown in Fig. 2.8. A bottom DBR (DBR2) with N2 pairs of λ/4 layers is first grown on a 
substrate; after that a thicker layer that forms the actual cavity and contains the active region 
is deposited on top of DRB2; the microcavity is completed by the deposition of a top DBR 
(DBR1) made out of N1 pairs of λ/4 layers. 
 









Lcav = mλ/2 
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 Qualitatively, the semiconductor microcavity is very similar to a simple Fabry-Pérot 
structure with planar mirrors, and many of the standard Fabry-Pérot results for reflectivity, 
transmission, quality factor etc. apply. In order to achieve a resonance with a desired photonic 
mode at normal incidence, the length of the cavity region (Lcav) must be a multiple integer of 
half λ/2, where λ is the desired resonant wavelength. In the case of a Fabry-Pérot resonator 
with metallic mirrors, Lcav will be the length of the entire resonator. However, since the DBRs 
are mirrors in which the electric field penetrates, the Fabry-Pérot cavity length has to be 
replaced by a significantly larger cavity length [4] [59]: 
 
  DBRcaveff LLL += ,        (45) 
 















,       (46) 
 
in which λ is the wavelength of light in the cavity, ncav is the refractive index of the cavity, 
and nL and nH are the refractive indexes of the low and high index λ/4 layers, respectively. 
 In order to calculate the optical response of this system, we can use the same simple 
method that we used for a DBR. If we consider the fact that the cavity is a 'perturbation' in the 
periodicity of the layers that form the DBR, we can make an analogy between this 
perturbation and the defects of a crystalline matrix. These defects introduce certain levels 
within the semiconductor forbidden band. Analogously, the presence of the cavity will 
introduce a new 'level' in the stop band of the Bragg reflectors, i. e. a spectral region in which 
reflectivity exhibits a sharp decrease. By carefully choosing the cavity length Lcav to be an 
multiple integer of half of the DBR's working wavelength λ, we can conveniently place this 
new level in the center of the stop band [60]. 
 In Fig. 2.9 we present the theoretical reflectivity spectrum of a semiconductor 
microcavity with AlN/Al0.2Ga0.8N DBRs (N1 = 10, N2 = 10), and a λ/2 cavity length. The 
background refractive index of GaN [56] (ncav = 2.4) was used as the refractive index of the 
cavity region. 
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Figure 2.9. Theoretical reflectivity of a λ/2 microcavity with top and bottom DBRs 
made of 10 pairs of AlN/Al0.2Ga0.8N λ/4 layers. 
 
 Since the mirrors have finite transmission, the cavity mode has a finite width cav∆  (full 







=∆ 1         (47) 
 
 This width can be considered as the homogeneous (or lifetime) broadening of the 
confined cavity mode, related to the losses through the mirrors. 
 As we can see, the confinement of photons in such a microcavity is achieved in the 
growth direction. This means that there is no lateral confinement, which gives these structures 
the name of planar microcavities. The wave vector of a photon inside the cavity can be 
separated in two parts: zk  (the component perpendicular to the layers of the structure) and ||k  
(the component parallel to the layers), so that 2||22 kkk z += , where k is the wave vector 
modulus of the considered photon. zk  is discrete due to the effect of the cavity in the z 
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where m is the order of the mode. The energy of a photon can be written as: 
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 For small ||k  the dispersion of the cavity mode is parabolic, and it can be described by 
a cavity photon effective mass M. For a microcavity similar to the one presented in Fig. 2.9 
this mass is calculated to be very small, around ~10-4 - 10-5me, where me is the free electron 
rest mass. Hence, the cavity photon modes of a microcavity have a strong in-plane dispersion, 
which is not quantized. Following eq. (51), the energy of a photon with wave vector 
cavz Lk /2pi=  and in-plane wave vector ||k  in the medium, is given by: 
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where effn  is the effective refractive index of the structure [61] and caveff LnhcE /0 =  is the 
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and, as a result, a particular ||k  mode can be selected simply by varying the external angle of 
incidence θ. Elimination of ||k  between (52) and (53) leads to the following expression for the 
energy of the cavity mode as a function of θ: 
 

















EE θθ .       (54) 
 
 The determination of the energy dispersion modes by varying the external angle of 
incidence q is a very practical experimental technique that will be further detailed in chapters 
§4 and §5. 
 
 
2.4. Polaritons and the strong coupling regime 
 
 As mentioned in the introduction, the first coupling phenomenon in a semiconductor 
microcavity was observed by Weisbuch et al. in 1992 [1], and since then the physics of 
microcavities in the strong coupling regime has been investigated with growing interest. Very 
soon after the first observation of cavity polaritons in reflectivity measurements (Fig. 2.10), 
the basic theoretical framework for the description of the polariton modes was developed. 
 
Figure 2.10. The first observation of polariton dispersion curves obtained from 
reflectivity measurements on a GaAs based QW microcavity [1]. 
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 The general concept of "polariton" was first described by J. J. Hopfield in 1958 [65] as 
the formation of a quasiparticle resulting from the strong coupling of electromagnetic waves 
with an electric or magnetic dipole-carrying excitation. In this thesis we will discuss 
microcavity polaritons resulting from the interaction between a cavity photon and an exciton. 
 The appearance of a vacuum-field Rabi splitting in the polariton spectrum was 
understood in terms of a simple linear dispersion model [62], in analogy to what had been 
applied to the case of the atom - cavity vacuum Rabi splitting [63]. In this mode, the exciton 
linear response function is described in terms of a Lorentz resonance, and the overall response 
of the cavity is evaluated within the linear response theory of the classical electromagnetic 
field. Hence, the susceptibility for an excitonic resonance ( )kex ω  can be written as: 
 
  






,      (55) 
 
where η  is the damping of the resonance and ( ) 20 /2 µωexmf =  the oscillator strength of the 















ε  is the background dielectric constant that accounts for all the other resonances of 
the medium and epl men /4
2
0piω =  is the plasma frequency, with n0 the refractive index of 
the medium. 
 In order to account for the presence of an electrical dipole inside the cavity region of a 
semiconductor microcavity, the transfer matrix of the structure must be rewritten to include 
the effect of ( )ωε ,k . This can be achieved by expressing the refractive index of the cavity 
region ncav as: 
 
  ( ) ( )ωε ,2 knn LZcavcav += ∞ ,       (57) 
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where ∞cavn  is the background refractive index, and LZε  only accounts for the presence of an 
electric dipole described as a Lorentz oscillator. As we will see from transfer matrix 
simulations, the inclusion of an electric dipole in the cavity region, i. e. the active region, of a 
semiconductor microcavity results in a strong modification of its reflectivity and transmission 
properties. This approach gives a simple and elegant description of the so called bulk 
microcavity structure, to be extensively discussed in chapter §5. 
 However, this approach does not give a detailed description of the coupling between 
photons and excitons. In order to achieve a more complete description of the system we will 
first consider the dipole as an oscillator characterized by an energy xE  and a wave vector xk

. 
Similarly, we will consider a photon with an energy cE  and a wave vector ck

. As long as the 
two oscillators are in resonance, they can couple if cx kk

= . The states resulting from this 
coupling are called polaritons, and they are non-degenerate. These polaritons are linear 
combinations of the photon state and the dipole state [65]. 
 The simplest way of describing the microcavity system is to consider photons 
corresponding to the cavity mode and excitons inside the bulk active region as coupled 
harmonic oscillators with the same ||k . This allows us not only to calculate the optical 
response of the system using the transfer matrix formalism, but also to develop a quantum 
treatment for a better qualitative description of its main characteristics. We will describe the 
microcavity as a two level system, under the form |exciton> |photon>, so that: 0e  is the 
state describing the presence of an exciton in the active region and 0 photons in the cavity, 
and 1g  is the state describing the presence of a photon in the cavity and 0 excitons in the 
bulk. Let V be the coupling term (interaction potential) of the two oscillators 0e  and 1g . 
Moreover, we take into account the damping of the oscillators: let xΓ  be the damping term of 
the 0e  oscillator (i. e. the average lifetime of the exciton), and cΓ  the damping of the 
1g  oscillator (i. e. the average photon lifetime inside the cavity). In fact, xΓ  and cΓ  
describe the homogeneous broadenings of the two uncoupled modes [64]. We can write the 
Hamiltonian of this simplified system in the form of a 2x2 matrix: 
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 Here, xE  and cE  are the energies of the uncoupled exciton and cavity modes. The 
eigenstates of this matrix are noted u  and l , and they describe the so called upper and 
lower polariton states, respectively, whereas uE  and lE  are their corresponding eigenvalues. 
After diagonalizing ||kH  we obtain: 
 
  






iEEE Γ−Γ−−+±Γ+Γ−+=   (59) 
 
 By indicating ( ) 2/cxm EEE += , ( ) 2/cxm Γ+Γ=Γ , xc EE −=δ , and cx Γ−Γ=∆ , we 
can rewrite eq. (59) as: 
 
  
( ) ( )22
, 4
1 ∆−−+±Γ−= iViEE mmlu δ      (60) 
 
 δ  is referred to as the detuning between the two uncoupled modes. Following its 
definition, δ  will assume negative values if the energy of the uncoupled photon mode is 
smaller then that of the bare exciton; in this case we will have a negative detuning. 
Conversely, if xc EE > , δ  will be positive and we will refer to the so-called positive 
detuning. At resonance, 0=→= δxc EE , we have zero detuning between the uncoupled 
exciton and photon modes. 
 Being a linear superposition of bosons, i. e. an exciton and a photon with the same in-
plane wavenumber ||k , polaritons are also bosons. The exciton and photon fractions in each of 





, which are referred to as the Hopfield coefficients [65]: 
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where: 
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with 22 4/ VW += δ . From eqs. (62) we see that the exciton and photon fraction of each 
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c cc , so that upper polariton and 
lower polariton are exactly half photon, half exciton. Also, for 0=δ , eq. (60) simplifies, and 
we see that the term under the square root can assume either positive or negative values. 
 If 224 ∆>V , then the value of the term under the square root remains positive, and we 
obtain two solutions which give two values corresponding to the energy of the upper polariton 
uE , and the lower polariton lE , respectively. In this case, the microcavity is in the so-called 





12 ∆−==Ω=− VhEE RabiRabilu ν ,     (64) 
 
where Rabiν  is the Rabi frequency. The energy separation of the two modes at resonance 
( 0=δ ) is called Rabi splitting. More intuitively, since xΓ  and cΓ  can be expressed as the 
broadenings of the uncoupled exciton and photon modes, respectively, the condition to 
observe the Rabi splitting is the presence of an interaction potential V that overcomes the 
damping effect xΓ  and cΓ , so that ( ) 16/22 cxV Γ−Γ> . In Fig. 2.11 we give a schematic 
representation of the energy dispersion of the two polariton states, u  and l , as a function 
of the uncoupled exciton - photon detuning δ . The dispersion curves were obtained by 
considering a constant exciton energy ( ) 49.3|| =kEx eV, and ( )||kEc  having a linear variation 
in the Hamiltonian of eq. (58). We can see that for 0>>δ , the upper polariton u  tends 
towards the uncoupled cavity mode, while the lower polariton l  tends towards the bare 
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exciton mode. Conversely, for 0<<δ , u  tends towards the excitonic state, and l  towards 
the cavity mode. 
 
Figure 2.11. Energy dispersion of the upper and lower polariton states (full lines) 
in the strong coupling regime as a function of exciton - cavity mode detuning. 
The dotted lines refer to the uncoupled modes. 
 
 If 224 ∆<V , the quantity under the square root in eq. (60) is negative. Hence, the 
solution is imaginary, and no Rabi splitting can be observed. Only the lifetimes of the 
oscillators are modified in this case, and this condition is termed as weak coupling regime. 
 As previously mentioned, the reflectivity spectra of a bulk microcavity in the strong 
coupling regime can be simulated by including the effect of the exciton (dipole) in the 
dielectric response of the cavity medium. Nevertheless, in eq. (57) LZε  only accounts for the 
homogeneous broadening of the exciton. In a real bulk microcavity however, an 
inhomogeneous broadening of the exciton mode is also present due to the presence of disorder 
in the active medium. This broadening can be accounted for by considering a Gaussian 
distribution of Lorentz oscillators, with a full width at half maximum equal to the 
inhomogeneous broadening of the excitonic transition. 
 Following the formalism described in section §2.2, Fig. 2.12 presents the simulated 
reflectivity spectrum of a bulk GaN microcavity similar to the one presented in Fig. 2.9, but 
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with the inclusion of the exciton in the cavity region. The spectrum was simulated for a 
sample temperature of ~10 K corresponding to a ~1 meV homogeneous broadening, and an 
inhomogeneous exciton broadening of 5 meV. Also, a 1 meV longitudinal transverse splitting 
(which expresses the strength of the coupling of the exciton with the electromagnetic field) 
was considered, which is the approximate value found for the A exciton of bulk GaN [66]. 
The value of the oscillator strength in GaN is one order of magnitude higher than in GaAs, 
where the longitudinal transverse splitting is only 0.08 meV [66], proving once again the 
potential of GaN based microcavities over their GaAs counterparts. At resonance, the 
degeneracy between the uncoupled cavity and exciton modes is removed by the coupling, 
which gives rise to the two polaritonic states: LP and UP. 
 
Figure 2.12. Simulated reflectivity spectra of a λ/2 bulk GaN microcavity 
with AlN/Al0.2Ga0.8N DBRs. 
 
 The Rabi splitting in Fig. 2.12 is 35=ΩRabi meV, which is in good agreement with the 
value measured for a similar microcavity [67]. The large Rabi splitting, to be compared with 
that of only ~5 - 7 meV for GaAs based microcavities [18], is a determining factor for the 
observation of the strong coupling at room temperature and beyond in GaN based 
microcavities, which is of utmost practical importance for the realization of a polariton laser 
operating at room temperature. 
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which means that at resonance ( ) 2/
, cxlu Γ+Γ=Γ . 
 The study of the exciton - photon coupling in bulk GaN microcavities will be 
addressed in more detail in chapter §5. 
 
 
2.5. Bose-Einstein condensation of polaritons 
 
 The ultimate goal of realizing a high-quality GaN based microcavity is to favour a 
Bose-Einstein condensation (BEC) of polaritons at room temperature. Bosons can show a 
spectacular transition to a peculiar condensed phase: the Bose-Einstein condensate [68], an 
accumulation of a macroscopic number of bosons in the ground state of a system. 
 Due to their bosonic properties, a variety of quantum phases have been predicted for 
polaritons, including BEC, superfluidity, crossover from BEC to Bardeen-Cooper-Schrieffer 
states etc. [69] [70]. Compared to other BEC systems, such as atomic gases and excitons, 
polaritons have vastly different length, energy, and time scales [69]. Besides, as an essentially 
different system of fundamental interest, polaritons also possess many unique advantages for 
BEC research. 
 First of all, the critical temperature of polariton condensation ranges from a few 
Kelvin to above room temperature, which is four orders of magnitude higher than that of 
excitons, and eight orders of magnitude higher than that of atoms. It originates from the very 
light effective mass of polaritons due to the mixing with cavity photons. 
 From the experimental point of view, the microcavity polariton is a very accessible 
system. There exists a one-to-one correspondence between an internal polariton in mode ||k  
and an external photon with the same energy and in-plane wavenumber, propagating at an 
angle θ  respect to the growth axis. 
 The polariton laser as an application to the BEC of polaritons was proposed for the 
first time by Imamoglu et al. [14] in 1996. The idea of generating a coherent optical wave 
using final-state stimulation of exciton-phonon scattering in the 0≅k  region of the lower 
polariton branch sparked a strong interest in the scientific community to produce a new 
generation of parametric optical amplifiers and ultra-low threshold lasers [15]. However, this 
approach is only valid in the low-excitation density limit, where the excitons (and polaritons) 
satisfy bosonic commutation relations [14]. Together with the disorder present in 
semiconductors, this limitation posed serious problems in achieving a cavity polariton 
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condensate, and it was only in 2006 that the condensation of polaritons resulting in a coherent 
emission from the 0≅k  region was demonstrated in a CdTe microcavity at low temperature 
[24]. 
 The pursuit of achieving a coherent emission from a room temperature polariton 
condensate was and continues to be the driving force behind the study of GaN based 
microcavities [26], and related nanostructures. 
 
 
2.6. Conclusions of the chapter 
 
 In this chapter we discussed the working principles of a Fabry-Perot resonator as an 
instrument able to provide a good confinement of the electromagnetic field between two 
mirrors and a discretization of its oscillating modes. The multilayered structure of 
microcavities however required the introduction of a proper formalism that allows a simple 
and elegant treatment of the propagation of an electromagnetic field through these structures; 
hence, the transfer matrix formalism was described. This formalism was first applied to 
describe basic properties of the DBRs and the bare cavity, such as the reflectivity and the 
energy dispersion of a photon in the absence of coupling with the medium in which 
propagation occurs. 
 The introduction of an electric dipole (the exciton) in the cavity region proved to 
strongly modify the optical properties of the structure due to the coupling between the exciton 
and photon modes, and to give rise to a new particle - the polariton - which is a linear 
superposition of the two uncoupled states. Hence, in the strong coupling regime, the 
uncoupled exciton and photon dispersion curves are replaced with two polariton dispersion 
curves (upper and lower polariton, respectively), which at resonance exhibit a Rabi splitting 
of several tens of meV for a GaN based microcavity. Such a large value for the Rabi splitting 
assures the stability of polaritons at room temperature, providing a perspective to achieve a 
polariton condensate at this temperature. 
 The study of exciton - photon coupling in bulk GaN microcavities will be the main 
focus of chapter §5. 
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3. Growth related issues 
 
 After having presented a general theoretical description of the main properties of 
semiconductor microcavities in chapters §1 and §2, we will now give a brief description of 




3.1. The growth of III-nitride heterostructures 
 
 As already mentioned in chapter §1, the growth of a GaN heterostructure that obeys a 
wurtzite symmetry can be imposed by choosing an appropriate substrate, with a similar 
crystalline structure. Although a lot of the samples discussed in the following chapters are not 
complete GaN microcavities, growers, when designing and creating all of these structures, 
focused on identifying the optimal growth parameters and materials. The underlying idea was 
the realization of a high optical quality GaN based semiconductor microcavity to permit the 
observation of the strong coupling regime, and eventually allow for a condensation of 
polaritons in the low k region. Finally, the possible integration into more sophisticated 
optoelectronic devices was desired. Hence, the purpose was not only to achieve a high quality 
structure, but also one that would be proven useful for practical purposes. 
 The ideal substrate to grow GaN on, for instance, would be of course another GaN 
crystal obeying the same symmetry. Wurtzite GaN however, and group III nitrides in general,  
do not occur in nature, and must be obtained using special growth techniques called ultrahigh 
vacuum (UHV) techniques [71]. Due to their complexity [72], the cost of producing very high 
quality III-nitride substrates through these techniques is however very high, and hence more 
cost effective alternatives are usually employed. 
 As already discussed in section §1.3.2, the most commonly employed substrates for 
the growth of III-nitride heterostructures are c-plane sapphire (Al2O3) crystal and Silicon 
(111). Although they have the same crystal symmetry, the lattice mismatch between Sapphire 
(0001) and GaN is 16% [49]. This value increases to 17% for a Silicon (111) - GaN interface. 
Despite the fact that a higher defect density is expected in the case of a growth on a Silicon 
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(111) substrate, this material is more interesting for applications since Silicon based 
technologies can be easily integrated in electronics. In the case of the samples presented in 
this thesis, both of these substrates have been employed. 
 The use of UHV techniques for the deposition of semiconductors offers several 
desirable features. The absence of gas phase interactions allows for precise control of both 
thickness and composition beyond what can be achieved by other growth methods. In 
addition, the use of substrate rotation produces excellent uniformity across large areas, up to 
4'' in diameter [71]. These advantages have molecular beam epitaxy (MBE) the dominant 
method for the growth of a number of semiconductor structures, particularly those which 
require abrupt interfaces and a high degree of compositional control. For the most part, the 
samples presented in this thesis have been grown using MBE, by our collaborators. The term 
"epitaxy" refers to the ordered growth of a crystalline structure on a monocrystalline substrate 
with similar crystal symmetry. Such a growth doesn't necessarily require the same lattice 
constant for the substrate and the film (as in the case of GaAs based heterostructures). The 
epitaxial growth can be realized even in the presence of strain [71]. A schematic 
representation of an MBE system is shown in Fig. 3.1. 
 
Figure 3.1. Schematic view of an MBE system, taken from ref. [73]. 
 
 Solid state materials contained in the effusion cells evaporate after being electrically 
heated. Under UHV conditions, a molecular (or atomic) beam builds from the evaporated 
materials. The epitaxial film grows from the molecular beams impinging on the substrate, 
which, for III-nitride compounds, is heated up to around 1000° C. The beams from different 
sources (cells), which have conic distribution directed to the heated substrate, can be 
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independently controlled by means of shutters. In the transition from gas-phase to solid-phase, 
the reciprocal interaction between the molecules causes the crystal formation and the growth 
takes place. Under optimal conditions, the growth rates, which are typically of the order of ~1 
monolayer per second (ML/s), are low enough to allow surface migration of the impinging 
species and the formation of smooth surfaces. Being such a slow process, the UHV (of the 
order of 10-8 Pa) is a crucial requirement in order to avoid the contamination of the surface 
with impurities, which would lower the crystalline quality of the film [73]. The homogeneity 
of the deposited layers along the wafer can be improved by adjusting the growth rate and the 
substrate holder rotation. The growth rate and crystal quality of the sample can be controlled 
in-situ with the help of a Reflection High-Energy Electron Diffraction (RHEED) cannon. The 
electron beam produced by this device hits the sample at a very high angle, with respect to the 
normal, and the real time diffraction figure makes it possible to control the growth with a 
precision of a single atomic layer. We do not discuss other epitaxial growth techniques that 
allow for realization of quantum dots, such as Stranski-Krastanov, or techniques such as 
pendo-epitaxy used for nitrides as it is out of the main scope of the thesis. 
 
 
3.2. The influence of strain on the design of III-nitride heterostructures 
 
 The term "heterostructure" is derived from the concept of "heteroepitaxy", which 
refers to the growth of different crystalline structures on top of each other on a substrate. 
Given the fact that there will be a mismatch between the first layer of the heterostructure and 
the substrate, growers will always have to take into consideration the presence of strain in the 
structure. In sub-section §1.3.2 we already mentioned how the effects of relaxed and 
unrelaxed strain can have a crucial impact on the performances of nitride based 
heterostroctures. We will expand this idea in the following. 
 Three main types of heterostructures will be discussed in chapters §5 and §6: GaN 
epilayers, microcavities, and quantum wells. 
 
The epilayer 
 We name "epilayer" a thick GaN layer (~few µm) grown in order to analyze its optical 
properties. The growth of the epilayer can be done either directly on the substrate, or by the 
introduction of several so-called "buffer" layers between the last GaN layer and the substrate 
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in order to relief the strain caused by the lattice mismatch between the substrate and the buffer 
layers. The analysis of the optical properties of epilayers obtained under different growth 
conditions, substrates and/or buffer layers, is a useful tool that allows growers to infer an 
optimal set of growth parameters for the GaN layers that will serve as active media in 
microcavities. Results on several epilayers, grown in different conditions and with different 
structures will be presented in section §5.1. 
 
The microcavity 
 When tackling the design of a GaN based microcavity, the first issue that arises is the 
type of active medium that should be used. More specifically, a choice needs to be made 
between using a layer of bulk GaN or placing several GaN quantum wells (QWs) in the cavity 
region. 
 As already discussed in section §1.3, the increased binding energy and oscillator 
strength of excitons confined in quantum well structures with respect to bulk excitons would 
suggest a stronger coupling with the cavity photons and a higher temperature stability for the 
polaritons when the active layer is realized with QWs. At the time this work started however 
(end of 2005, beginning of 2006), the state of GaN based quantum wells was not too good. 
Studies of GaN/AlxGa1-xN QWs showed a huge impact of the piezoelectric field on the 
excitonic properties of these structures. With the growth techniques and know-how available 
at that time, typical low temperature photoluminescence (PL) linewidths for GaN/AlGaN 
QWs grown by MBE with Al content between 10% and 30% were around 20 meV when 
silicon or sapphire were used as substrates [31] [74], as a consequence of strain, interface, and 
alloy fluctuations. This value was much larger than the one previously obtained for high 
quality GaN epilayers (<5 meV) at low temperature on the same substrates [39] [75]. For QW 
heterostructures, such as LEDs, even broader emissions were obtained [76] [77], which 
questioned the viability of GaN based QWs as active media in semiconductor microcavities at 
that time. The large inhomogeneous broadening present in GaN/AlGaN QWs at low 
temperature was a cause of concern, as the additional thermal broadening of the excitonic 
recombination at room temperature would not allow the existence of a strong coupling 
between the exciton and photon modes. Moreover, as a result of the polarization field effect, 
the exciton oscillator strength was found to decrease dramatically with the increase of the QW 
width, below the values measured for excitons in bulk GaN [78]. Finally, the spatial 
separation of the carriers in the conduction and valence bands caused by the QCSE results in a 
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reduced radiative recombination rate, and a reduced optical efficiency of the structure (see 
section §1.3.2). 
 In order to eliminate the piezoelectric polarization caused by the mismatch between 
the barrier layers and the well layer, the incorporation of In in the barriers was considered as a 
possible solution to obtain lattice matched interfaces. Unfortunately, the emission broadening 
of InxAlyGa1-x-yN quaternary alloys proved to be very high (several tens of meV [79] [80]) 
even for very low In contents, showing the large alloy potential fluctuation due to the 
compositional inhomogeneity in the presence of indium [51]. Given these considerations, the 
option of realizing a GaN based QW microcavity exhibiting strong coupling at room 
temperature was discarded in favour of a bulk GaN structure. 
 The second issue concerning the design of a GaN microcavity was the structure of the 
DBRs. Once again, a decision had to be made between using AlxGa1-xN/AlyGa1-yN DBRs, or 
using lattice matched DBRs by incorporating indium in the DBR with a higher band gap in 
order to reduce its lattice constant. As discussed in the previous paragraph, the option of using 
In in such a structure would only lead to very large band gap variations of the respective 
layers, which would decrease the optical quality of the mirrors and introduce an additional 
broadening of the cavity mode, thus lowering the quality factor of the resonator and 
decreasing the photon lifetime in the cavity. Moreover, the reduced refractive index contrast 
between lattice matched AlxGa1-xN/InyAlzGa1-y-zN layers would give rise to a reduced stop 
band that would render the probing of the energy dispersion of the polariton modes quite 
difficult. Hence, for the samples discussed in chapter §5 starting with section §5.2, the chosen 
materials for the realization of the DBRs were AlN/Al0.2Ga0.8N λ/4 layers. Due to a difference 
of ~2.75 eV between the band gaps of these materials, a high refractive index contrast is 
assured resulting in a large stop band that allows a simple extraction of the polariton 
dispersion curves from angle resolved measurements (see section §2.3). 
 Finally, the choice of the substrate and buffer layers was made keeping in mind the 
practical purposes of the microcavity. Although the growth on a Si (111) substrate introduces 
a larger tensile strain than a Sapphire (0001) substrate due to the higher difference of thermal 
expansion coefficients, silicon substrates have several advantages such as large-size wafers, 
lower cost, and good electrical conductivity combined with easy realization of ohmic contacts 
[81] - [83], which make them favourite for optical and electronic applications. Also, should 
further processing of the microcavity structure be necessary, the removal of the substrate 
through common etching processes is much easier for silicon than for sapphire, which is an 
insulator. Given these practical considerations, the microcavity and the related 
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heterostructures were deposited directly on a Si (111) substrate, without using any buffer 
layer. 
 
The quantum wells 
 The study of GaN/AlGaN quantum wells with low Al content in the barriers was 
triggered by the limitations exhibited by the bulk GaN microcavity (see chapter §5). The 
feedback provided to the growers during the stages that ultimately led to the realization of a 
bulk GaN microcavity in the strong coupling regime proved useful in acquiring a know-how 
on the optimization of growth parameters for GaN heterostructures. As strain was a priori a 
limiting factor of these devices, the control of its effects took a few years to master. In the 
meantime, the growth of GaN/AlGaN exhibited significant progress in the sense of reducing 
emission linewidth and controlling the QCSE in these structures, which revived the interest of 
using them as active media in GaN based microcavities. The significant reduction of several 
negative effects caused by strain and the presence of polarization, which were discussed in the 
previous paragraphs, made possible the study of a whole new dimension of physical 
phenomena that could not be observed previously in similar quantum well structures. A 
detailed study of these state-of-the-art GaN/AlGaN QWs is provided in chapter §6. 
 
 
3.3. Conclusions of the chapter 
 
 In this short chapter we outlined the limiting factors that determined the design and 
evolution of nitride based heterostructures, from epilayers and DBRs, to complete 
microcavities in the strong coupling regime and state-of-the-art quantum wells. The results 
presented in chapters §5 and §6 provided growers a continuous feedback that helped them for 
the achievement of more complete and higher quality heterostructures.
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4. Experimental systems 
 
 Physical processes observed in semiconductor heterostructures need to be studied in 
both time and energy domain. The analysis of the samples presented in chapters §5 and §6 
was conducted using two optical spectroscopy investigation techniques: reflectivity and 
photoluminescence (PL). For each of these techniques, we will start by referring to the 
underlying phenomena that allows us to extract relevant information about the physics of our 
system through these experimental techniques. Afterwards we will describe the setups used to 





 The principle of a reflectivity measurement is very simple: we illuminate the sample 
with a beam of light having a sufficiently broad emission spectrum in order to cover all the 
spectral features of interest; then we measure the intensity of the reflected light as a function 
of wavelength (energy). 
 Reflectivity is one of the standard techniques for spectroscopy of intrinsic excitons. 
This means that only resonances associated with the transitions of free excitons can be probed 
with this technique. Hence, the features present in the reflectivity spectra can be assigned to 
the absorption of light by electric dipoles present in the material (at energy positions 
corresponding to the free excitonic transitions), which are not subject to localization effects. 
  Although different geometries should be used to characterize the selection rules and 
polarization properties of free excitons [84], the investigation of the fine structure for the 
samples presented in the following chapters is beyond the scope of this thesis, and hence for 
our measurements an unpolarized geometry was employed. 
 We would like to stress out at this point several problems of reflectivity measurements 
that may prevent a correct interpretation of the data without a proper correlation with 
photoluminescence spectra. In the case of nitride based heterostructures, the exact spectral 
positions and shapes of the features observable in reflectivity have been found to be strongly 
dependent on the strain present in the various samples [40] [66] [84] - [88]. Hence, the fitting 
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of these spectra often requires the use of more than just a simple Lorentz oscillator model to 
describe the exciton (see eq. (56)). Instead, either analytical [89] [90] or semi-empirical [66] 
models are used to account for the influence of strain on the variation of the dielectric 
constant ( )ωε ,k . Moreover, in the case of microcavity polaritons, existence of a structure in 
reflectivity does not make the distinction between absorption and a change in the 






 The measurement of light emission resulting from the radiative recombination of 
photoexcited carriers, i. e. photoluminescence, is a fundamental tool for the study of physical 
processes in crystals. In a semiconductor non equilibrium carriers can be excited by means of 
light absorption, usually from a coherent light source such a laser (see Fig. 4.1). These carriers 
(namely electrons), excited above the electronic state with the lowest energy, relax towards 
this state losing energy, typically by phonon interactions. The carrier relaxation can be 
classified into four temporally overlapping regimes, occurring on different time scales [91]. 
First, we have a coherent regime, which occurs on a sub-picosecond scale, corresponding to 
the excitation of the semiconductor with an ultrashort laser pulse. In this regime there is a 
well-defined phase relationship between the carriers that are created at high k and the 
electromagnetic field that created the excitation. The destruction of this coherence through 
dephasing is a very fast process in semiconductors, giving rise to a non-thermal regime which 
takes place on a picosecond scale. Various processes such as carrier-carrier or exciton-exciton 
scattering will bring the non-thermal distribution to a hot, thermalized distribution that defines 
the hot-carrier regime. The carrier temperature in this regime can be, and usually is, higher 
than the lattice temperature. The thermalization times depend strongly on many factors, such 
as carrier density and material type, and usually occur on a time scale of 1 - 100 ps. The 
processes that dominate this regime are hot-carrier - phonon interactions, decay of optical 
phonons, and carrier - acoustic phonon scattering. Finally, in the isothermal regime the excess 
of electrons and holes, compared to the thermodynamic equilibrium, will recombine either 
radiatively or non-radiatively, returning the semiconductor to the thermodynamic equilibrium 
and giving rise to the PL signal. 
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 The time scale for each event depends very strongly on parameters such as band 
structure, excess energy, the nature of the excitation (free carrier vs. exciton), the density of 
excitation, the lattice temperature and so on. While the carrier relaxation processes in GaAs 
nanostructures, for instance, take place on a time scale of the order of several hundreds of 
picoseconds [91], in the following chapters we will see that the radiative recombination of 
carriers is much faster for GaN based heterostructures, suggesting a very efficient energy 
relaxation of the carriers, especially in the hot-carrier regime. 
 
Figure 4.1. Schematic representation of the excitation, relaxation, 
and recombination processes in PL measurements. 
 
 Fig. 4.1 is a simplified picture of the main processes involved in the 
photoluminescence mechanism. As discussed in the previous chapters, there are several 
factors that affect the recombination of electrons in the conduction band with holes in the 
valence band. They range from extrinsic effects related to the properties of the material, such 
as localization of the emission due to the presence of impurities and defects or variation of the 
energy gap caused by the presence of strain, to effects induced as a consequence of carrier 
confinement or coupling of the excitons with a photon field. These effects must be equally 
taken into account when analyzing the emission spectra of a sample. We will give a brief 
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Bulk PL 
 The typical mechanisms involved in the recombination processes in a bulk 
semiconductor material after a non-resonant excitation can be generally described by the 
picture presented in Fig. 4.2. 
 
Figure 4.2. Schematic of the recombination process in a bulk semiconductor. 
 
 The measurement of photoluminescence is perhaps the simplest and most direct way 
to gain access to the optical properties of a semiconductor. The light source usually employed 
to carry out the excitation of the medium is a laser source tuned at a significantly higher 
energy than the band gap of the material that we want to probe ( gexc Eh >>ν ). As mentioned 
before, the carriers (electrons/holes) created at high k after the absorption of the exciting 
photons will quickly relax towards the Γ point of the k space after losing their energy through 
various types of interactions, described in the previous paragraphs. At this point the carriers in 
the conduction band will spend a certain amount of energy bE∆  to couple with holes in the 
valence band giving rise to free excitons. Depending on the quality of the bulk material, but 
also on the lattice temperature, free excitons can mainly undergo several processes: (i) 
radiative recombination resulting in the emission of a photon FXhν ; (ii) localization of the 
exciton at an impurity or an imperfection of the crystalline lattice followed by the emission 
from, e. g., a donor-bound DBE or an acceptor-bound exciton ABE (see section §1.2); (iii) 
non-radiative recombination with various types of structural defects. For high quality samples, 
the radiative recombination of the free excitons will be dominant with respect to the other 
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defects, the non-radiative mechanisms and localization effects will dominate the 
recombination process. 
 As discussed in section §1.2, optical transitions are subject to various broadening 
mechanisms, so that radiative recombination bands in the PL spectra are characterized by a 
certain spectral width ( FXΓ  and LXΓ  in Fig. 4.2). The presence of structural defects caused by 
strain, impurities, and fluctuations of the band gap gives the inhomogeneous contribution inhΓ  
to the total broadening totΓ , while the interaction with acoustic phonons gives a homogeneous 
contribution homΓ  which is proportional to TkB . Thus, the total broadening of a 
recombination band is a convolution of the two contributions: 
 
  hominhtot Γ⊗Γ=Γ         (66) 
 
 The inhomogeneous broadening, dominant at low T, is best described by a Gaussian 
line shape, while the homogeneous contribution increases with temperature and is generally 
accounted for by considering a Lorentzian distribution, so that the recombination bands in the 
PL spectra assumes a Voigt profile [92]. 
 Increasing the lattice temperature can result in strong modifications of the 
recombination dynamics. Namely, if homΓ  becomes comparable to the localization energy of 
free excitons locE∆ , the interaction of the localized states with acoustic phonons, which is a 
much faster process than the radiative recombination, will result in a delocalization of the 
emission of the bound states due to the energy transfer from the phonons. Further increase of 
homΓ  to values comparable to the exciton binding energy bE∆  will result in the population of 
the continuum of states in the conduction band, which is not discretized and obeys a 
Boltzmann distribution of states. In this case an ionization of the exciton occurs. The radiative 
recombination of the electrons from the continuum with the holes in the valence band gives 
rise to a thermal tail on the higher energy side of the PL band, with a contribution 
proportional to ( )TkE B/exp − . 
 The recombination kinetics of excitons can be described by rate equations that need to 
account for all the contributions of radiative or non-radiative recombination processes, which 
depend on the optical quality of the material. For materials with high optical quality, the 
radiative recombination of exciton molecules (biexcitons) also needs to be considered, as it 
can give a significant contribution to the PL spectrum. Moreover, the exchange of interaction 
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between the biexciton and exciton populations can result in a strong modification of their 
recombination rates. These rates can be extracted through the measurement of decay times of 
the various spectral features observable in the time-resolved photoluminescence spectra, and 
the assignment of these features must be made in correlation with their energy positions and 
taking into account the various broadening and localization mechanisms. 
 
Quantum well PL 
 All the mechanisms that affect the recombination of excitons in a bulk semiconductor 
also apply in the case of quantum wells. In Fig. 4.3 we give a schematic description of the 
recombination mechanism in a QW following a non-resonant excitation, without including the 
effects described in the previous subsection. 
 
 
Figure 4.3. Representation of the exciton recombination process in a QW. 
 
 In the case of a QW structure, the non-resonant excitation is usually carried out with a 
laser pulse having a higher energy than the band gap of the barrier layers. In this way carriers 
are created throughout the heterostructure, in both the well and the barrier regions. Carriers 
created in the well region at high k relax very quickly towards the Γ region of the k space 
through interactions with phonons, where they are subject to all the effects discussed for bulk 
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confinement and QCSE due to the strong polarization present in nitride heterostructures, 
which were described in section §1.3, also need to be considered. For the carriers created at 
high k in the barriers however, two relaxation mechanisms become possible. First, a 
relaxation towards the Γ region of the barrier's k space is possible, where they couple with 
holes in the valence band giving rise to 3D excitons. The radiative recombination of these 
excitons will give a "bulk" contribution in the PL spectra. However, this relaxation 
mechanism is not dominant. For the most part, carriers injected into the barrier region of a 
high-quality quantum well structure are eventually captured into the quantum wells, through a 
combined relaxation and diffusion process, because the QW states represent the lowest energy 
state of the system. The capture from the barrier into the well is mediated primarily by the 
emission of optical phonons [91]. The transport of carriers in quantum wells has been 
described as an exchange of phonons between the 2D and 3D electrons which supply the 
necessary momentum difference in the direction perpendicular to the well [93]. The study of 
these phenomena is not the scope of this thesis. We would like however to underline that the 
rate at which hot carriers are captured by the quantum well is much higher than the rate for 
relaxation to form 3D excitons in the barriers. First, as a result of the very efficient capture 
process, the contribution from the radiative recombination of QW excitons in the PL spectra is 
much higher than the contribution given by the recombination of "bulk" barrier excitons. 
Second, since the barrier is usually made of a ternary alloy, such as AlxGa1-xN, it will have a 
lower crystalline quality than the binary GaN that makes up the well region, resulting in a 
reduced optical efficiency. 
 
Polariton PL 
 The excitation and relaxation mechanisms of microcavity polaritons along the two 
polariton branches are graphically depicted in Fig. 4.4. In the case of non-resonant excitation, 
a high energy laser pulse is used to populate the electron-hole continuum with a free carrier 
thermal reservoir. The population of the two polariton branches comes as a result of various 
scattering processes, mainly by acoustic and optical phonons emission or absorption [7]. High 
wave vector (k) excitons in the thermal region (TR) relax towards the strong coupling region 
(SCR) and populate the LP and UP branches mainly by emission and absorption of acoustic 
phonons, respectively. However, at low temperature and for low excitation power densities, 
the acoustic phonon scattering rate into polariton states corresponding to the strong coupling 
regime (k  5-6 × 104 cm-1) are small due to the large energy transfer required compared to 
the typical acoustic phonon energies, which gives rise to a bottleneck region (BR). Polaritons 
4. Experimental systems 
 56 
undergo radiative recombination in this region due to the fact that their escape rate from the 
cavity is shorter than the scattering rate into lower k states. The study of the "bottleneck" 
effect in a bulk GaN microcavity will be detailed in the following chapter. 
 
Figure 4.4. Graphical representation of the polariton dispersion curves and 
their population through various scattering mechanisms [7]. UP: upper polariton; 
LP: lower polariton; TR: thermal reservoir (green); SCR: strong coupling 
region (magenta); BR: bottleneck region (violet). AC and LO indicate 
acoustic phonon and longitudinal optical phonon processes, respectively. 
 
 The radiative recombination of polaritons from the various optically accessible k states 
of the LP and UP branches is governed by their escape times out of the microcavity, which 
are related to their respective exciton and photon fractions. Therefore, we can describe the 
luminescence process just by the knowledge of the distribution of the cavity polaritons along 
the dispersion curves, and by the outside transmission coefficient of such cavity polaritons. If 
we assume no broadening mechanism, as both the exciton and the cavity mode energies only 
depend on ||k , the in-plane k selection rule reduces the photoluminescence spectrum to a sum 
of two delta functions [3]: 
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where the sum is over the upper and lower branch of the polariton, the propagation directions 
inθ  and outθ  and solid angles inΩd  and outΩd  are related by the Snell-Descartes law, and q

 is 
the photon wave vector. Therefore, the emission spectrum for a fixed incidence angle exhibits 
two lines whose positions are directly related to the cavity polariton dispersion curve. In the 
presence of homogeneous or inhomogeneous broadening the delta functions are replaced by 
Lorentzian or Gaussian line shapes, but their energy position is not changed as long as the 
broadening is smaller than the energy separation of both lines. This allows us to extract the 
dispersion curves of the cavity polariton from angle-resolved photoluminescence spectra of a 
semiconductor microcavity in the strong coupling regime [3]. 
 
 
4.3. Experimental setups 
 
 Three main types of experimental techniques were used for the optical characterization 
of the various types of samples: reflectivity, time integrated photoluminescence (TI-PL), and 
time resolved photoluminescence (TR-PL). Measurements were performed as a function of 
sample temperature, position of the excitation spot on the sample, excitation energy/density, 
and angle. All these measurements require a system that is primarily made up by an excitation 
source (CW lamp for reflectivity, laser for PL), optics used as wave guides (lenses, mirrors, 
filters, beam splitters, optical fiber), a cryogenic system that allows the control of the sample 
temperature, and an acquisition system made up by a spectrometer and a detector (charged 
coupled display (CCD) for reflectivity and TI-PL, or Streak camera for TR-PL). We will give 
a description of the main setups used for the optical investigation of the samples presented in 
the following chapters. 
 
Reflectivity and/or TI-PL 
 A simple setup that is particularly interesting in the sense that it allows us to measure 
simultaneously the reflectivity and TI-PL in the same spot of the sample is presented in Fig. 
4.5. 
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Figure 4.5. Experimental setup for the simultaneous measurement of reflectivity and TI-PL. 
 
 For the PL measurement, the excitation is provided by a Q-switched Nd:YAG solid 
state laser generating pulses at a wavelength of 1064 nm, with a pulse duration of ~100 ps at a 
repetition rate of 76 MHz. The infrared laser beam is doubled in frequency (532 nm) by a 
non-linear LBO crystal. The resulting green beam is used to pump a dye laser (Rhodamine 
6G) which in our case is tuned to generate laser pulses at a wavelength of ~600 nm having a 
duration of 3 ps. This beam is doubled in frequency by a non-linear BBO crystal (~300 nm) 
and is used for the excitation of the sample. 
 For the measurement of reflectivity, the excitation is provided by a CW lamp having a 
broad emission band in the UV region. Through a convenient use of optics, the excitation 
beams from both of these sources can be focused on the same spot on the sample, allowing 
the measurement of its photoluminescence and reflectivity at normal incidence. The emitted 
light is collected through the same system of optics for both signals and focus on the entrance 
slit of a spectrometer. The spectral resolution of this system is ~1 meV, which is well below 
the spectral width of the excitonic features that we want to probe. 







































 As mentioned in the previous subsection, the energy curves of the cavity polariton can 
be obtained by extracting the energy positions of the polariton peaks in angle-resolved PL 
spectra. This is achieved using the setup presented in Fig. 4.6. 
 
Figure 4.6. Experimental setup for the measurement of angle-resolved TI-PL. 
 
 For the excitation of the sample we use the same laser system described in the 
previous setup. The peculiarity of this setup is the collection of the optical signal, which in 
this case is done by an optical fiber system mounted on a rotating arm. Although the PL from 
the sample is emitted in pi solid angle, the limited aperture of the objective used to collect the 
emitted light (2°) and to focus it in the core of the optical fiber allows us to probe light 
emitted in small solid angles. The external emission angle θ is varied by rotating the arm on 
which the fiber is mounted. By measuring the optical signal at each angle θ and identifying 
the polariton peaks in the resulting TI-PL spectra we can achieve a reconstruction of the 

































 A different system is needed to characterize the fast recombination dynamics of the PL 
signal. This system is described in Fig. 4.7. 
 
Figure 4.7. Experimental setup for the measurement of TR-PL. 
 
 The excitation mechanism is similar to the one used for the measurement of TI-PL, 
however the detection system can reveal the intensity of the PL signal as a function of 
wavelength (energy), as well as time. The beam generated by a CW Argon laser is used for 
the optical pumping of a mode-locked Ti:sapphire laser, which is tunable  in the range 700 ÷ 
900 nm, and has a pulse duration of 1.2 ps at a repetition rate of 81 MHz. A photodiode is 
used to synchronize the phase of the laser beam with the streak camera. A system of non-
linear crystal(s) is used to generate either the 2nd or the 3rd harmonic of the beam emitted by 
the Ti:sapphire laser, depending on the optical properties that we want to investigate. This 
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measurement, while the collected PL signal is similarly focused on the entrance slit of a flat 
field spectrometer.  The detection of the signal is done with the use of a streak camera, giving 
us access to the recombination dynamics in the selected spectral region. 
 The instrumental resolution of this system is approximately 1 meV in energy, while 
for the time axis the resolution is ~4 ps. 
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5. Bulk GaN microcavities and related structures 
 
 In this chapter we will discuss the evolution of GaN based heterostructures that 
culminated with the achievement of a bulk GaN microcavity in the strong coupling regime. 
All the samples that will be presented in this chapter were provided to us by our colleagues at 
the CHREA-CNRS research center in Valbonne, France, as part of a project related to the 
study of polariton emission and strong coupling in GaN based microcavities, supported by 
E.U. funding. We will start by briefly discussing the influence of the sample structure on the 
resulting optical quality of several GaN epilayers (section §5.1). Then we will describe the 
evolution of GaN based microcavities, from the DBR (section §5.2) and the half-cavity 
(section §5.3), to the complete microcavity in weak coupling (section §5.4) and strong 
coupling regime (section §5.5). In section §5.5 we will discuss several aspects of the strong 
coupling regime and polariton recombination kinetics in a bulk λ/2 GaN microcavity. 
 
 
5.1. The GaN epilayer 
 
 As mentioned in section §3.2, the quality of the λ/2 layer of GaN acting as active 
medium inside the microcavity is a crucial element in the achievement of strong coupling in 
such a structure. While tensile strain between the active GaN layer and the underlying DBR 
layers cannot be eliminated, the defect density introduced during the growth process should 
be low enough to give rise to a small inhomogeneous broadening of the exciton in PL and a 
low concentration of non-radiative recombination centers that would otherwise inhibit the 
achievement of the strong coupling regime. 
 The results presented in this subsection refer to four samples with different substrate 
and/or buffer choice, all grown by MBE. The idea is to illustrate the influence of the substrate 
and buffer choice on the resulting optical quality of the epilayer. A schematic representation 
of the structure of these four samples is given in Fig. 5.1. As can be seen, three out of four of 
these samples have some sort of buffer layer introduced in order to relief the strain caused by 
the lattice mismatch between the substrate and the epilayer. 
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Figure 5.1. Schematic representation of the structure of four GaN epilayers 
with different substrate and/or buffer layers. 
 
 The optical quality of the four epilayers presented in Fig. 5.1 was checked through TR 
PL measurements, giving us access to the exciton recombination kinetics in these samples. 
These results helped growers to understand which design and growth parameters were more 
appropriate for the growth of a higher quality GaN active medium on an underlying DBR. 
 In Fig. 5.2 we show in semi-logarithmic scale the TR PL spectra corresponding to 
each of the four epilayers at a temperature of 10 K. The spectra were recorded using the streak 
camera apparatus using the setup described in section §4.3. The non-resonant excitation of the 
samples was carried out using the 3rd harmonic of the Ti:sapphire laser (~280 nm), with an 
excitation power density of approximately 3.5 W/cm2. The time window between each 
individual spectrum is 70 ps. In Fig. 5.2, the bands designated with FX correspond to the 
recombination of the free exciton, while the LX bands correspond to various types of 
localized recombinations. We will not discuss the spectral features observable at higher 
energies than the FX recombination band. The corresponding LO bands in the lower energy 
side of the spectra are the respective optical phonon replica of the various types of 
recombinations. These emissions are due to the interaction of the exciton with the crystalline 
lattice. The energy difference between the exciton bands and their corresponding phonon 
replicas is equal to the energy of the phonon involved in the interaction, which in the case of 
GaN is of the order of 90 meV. The peculiarity of the LO bands resides in the fact that their 
recombination kinetics reproduce very precisely those of their respective exciton bands.  
Given the fact that these bands are generally associated to the free exciton recombination (see 
Fig. 5.2), and are hence mainly unaffected by the presence of a localized exciton emission 
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band, the lifetime of the free exciton can be extracted directly from the decay time of its 
associated LO band [93]. 
 
Figure. 5.2. Semi-logarithmic representation of the TR PL spectra at T = 10 K for the samples 
described in Fig. 5.1, with a time window of 70 ps. The intensity scale of the phonon 
replicas (lower energy) is different from that of the main excitonic emission (higher energy). 
Spectra are shifted in intensity for a clear viewing. 
 
 The results presented in Fig. 5.2 can be summarized as follows: 
• All samples exhibit similar features such as a recombination of the free (FX) and 
localized (LX) A exciton, as well as the optical phonon replica of the free A 
exciton (LO-FX). The recombination band LX in these samples is most likely 
caused by the presence of impurities. An additional localized exciton 
recombination (L2X) can be seen in sample N191, along with its phonon replica 
LO-L2X. For a general review of the different kinds of exciton recombinations in 
GaN see Ref. [93]. 
• As a result of the different values of the tensile strain present in the epilayers, the 
emission of the FX appears at different values in the range of 3.468 - 3.502 eV 
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(3.478 eV for N191, 3.468 eV for A611, 3.484 for A934, and 3.502 eV for A988). 
The FX emission has been determined with an error of ±1 meV. The emission 
energy variation of ~34 meV between different samples caused by strain effects is 
not trivial and must be very well accounted for when deciding the energy at which 
the cavity should be in resonance with the active medium, and hence the effective 
thickness of the λ/4 layers making up the DBRs. 
• There are also non-trivial differences in the emission linewidths. The FWHM of 
the FX in sample N191 is 6 meV, denoting a very small inhomogeneous 
broadening. In the other samples the inhomogeneous broadening is far greater and 
hard to estimate due to the presence of the localized emission, denoting a lower 
optical quality of the sample. The huge inhomogeneous broadening is also clearly 
visible in the phonon replicas. 
• The decay times of the FX recombinations are hard to estimate at this point due to 
the significant contribution of the LX emissions that remain dominant at longer 
delays. 
 
 Following the PL mechanism described for bulk semiconductors in section §4.2, in 
order to gain access to the decay times of the free exciton emission a solution would be to 
increase the temperature of the sample to a value comparable to the localization energy of the 
LX recombination band. In Fig. 5.3 we present in semi-logarithmic scale the change in the PL 
spectra of the sample N191 at short delay (70 ps) after increasing the temperature from 10 K 
to 60 K. The temperature increase results in the disappearance of the localized emission bands 
(L1X and L2X), and consequently of the phonon replica LO- L2X. A small red-shift of the FX 
emission band is also noticeable as a result of the reduction of the material band gap with 
increasing temperature (see eq. (3)). 
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Figure 5.3. Semi-logarithmic representation of the PL for sample N191 at short delays 
for T = 10 K and T = 60 K. Spectra are shifted for a clearer viewing. 
 
 The disappearance of the localized emission band and the red-shift of the FX band are 
also visible in the other three epilayers (not shown here). For all samples, a broadening of the 
free exciton emission can be observed. At T = 60 K, the measured FWHMs of the FX bands 
in the four samples are: 8.9 meV for N191, 13.8 meV for A611, 18.3 meV for A934, and 16.2 
meV for A988 (±0.3 meV). The differences between the broadenings are about of a factor 2 at 
60 K, which denotes once again major discrepancies in the crystalline quality of the epilayers. 
 Finally, due to the disappearance of the localized sidebands at T = 60 K, the radiative 
lifetimes (τ) of the free exciton recombination bands can be properly extracted from their PL 
decay profiles. The decay profiles of the FX recombination bands are presented in Fig. 5.4 in 
semi-logarithmic scale (with peak intensities normalized to unity), and were found to be 
identical to those of their corresponding phonon replicas. The recombination lifetimes of the 
FX bands are extracted from their decay profiles following a fitting procedure which assumes 
an exponential decay of the free exciton populations. 
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Figure 5.4. Free exciton decay profiles in semi-logarithmic scale for all samples. 
Intensities are normalized for a clearer viewing. 
 
 Once again, the differences found between the free exciton lifetimes for the various 
samples suggest that the growth conditions have a huge impact on the presence of non-
radiative recombination centers in the resulting heterostructures. A summary of the various 
parameters characterizing the free exciton emission band at T = 60 K of the four samples that 
we discussed in this section is presented in Table 5.1. 
 
Parameters N191 A611 A934 A988 
FX energy (±1 meV) 3.483 eV 3.466 eV 3.476 eV 3.493 eV 
FX FWHM (±0.3 meV) 8.9 meV 13.8 meV 18.3 meV 16.2 meV 
FX lifetime τ (±1 ps) 52 ps 16 ps 36 ps 62 ps 
 
Table 5.1. Summary of the free exciton emission energy, FWHM, and lifetime τ 
at T = 60 K for the four epilayers discussed in the section. 
 
 Following the results presented in Table 5.1, it becomes obvious that the growth 
conditions and the choice of substrates and/or buffer layers can have a decisive impact on the 
optical quality of a nitride based heterostructure. The main conclusion that can be drawn from 
these results is that the inclusion of buffer layers between the substrate and epilayer will 
inevitably increase the inhomogeneous broadening of the free exciton emission. The increase 
in broadening is mainly caused by the huge number of threading dislocations that appear at 
the interfaces between two unmatched layers of a nitride-based heterostructure [49]. These 
dislocations propagate parallel to the growth direction causing large variations of the epilayer 
band gap and giving rise to a high density of structural defects. As a consequence, the 
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broadening of the FX recombination band of sample N191 is smaller with respect to the other 
samples. 
 Given the restrictions that apply to the broadening of the exciton and photon modes in 
order to observe the strong coupling in a semiconductor microcavity (see section §2.4), it is 
advisable to reduce as much as possible the inhomogeneous broadening of the free exciton in 
the GaN active layer, which is why the structures presented in the following sections were 
grown directly on a Si (111) substrate, without any buffer layers in between. 
 
 
5.2. The DBR (sample 703) 
 
 In order to check the optical quality of a DBR, both PL and reflectivity must be 
performed. The DBR that we studied was made of 8 pairs of Al0.2Ga0.8N/AlN λ/4 layers 
grown on a Si (111) substrate (Fig. 5.5). Although this choice of materials for the DBR will 
result in a high lattice mismatch between the DBR and the substrate, as well as the DBR and 
the active region of the microcavity, the emission energy of the intrinsic and extrinsic 
recombination bands of the two materials making up the DBR must be at a much higher 
energy than the exciton recombination bands in the active layer. The measurement of the TI 
PL of this sample did not reveal any type of extrinsic recombination bands in the spectral 
region corresponding to the emission of the A exciton of GaN  that would have otherwise 
rendered difficult the study of the coupling between the exciton and photon modes. 
 
 
 As discussed in section §2.3, one of the most important parameters of a DBR is its 
stop band, which must exhibit a high reflectivity over a large energy interval in order to 
provide a good photon confinement and to allow the probing of the polariton dispersion 
curves through angle resolved PL measurements. The reflectivity spectrum of the DBR at 
Si (111) 
8 pairs of λ/4 
AlN/Al0.2Ga0.8N 
layers 
Figure 5.5. Schematic of a bottom 
DBR grown directly on silicon 
(Sample 703). 
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room temperature is presented in Fig. 5.6. As expected, the reflectivity spectrum of the DBR 
was found to be independent of the sample temperature. 
 
Figure 5.6. Room temperature reflectivity spectrum of a DBR made out of 
8 pairs of Al0.2Ga0.8N/AlN λ/4 layers grown on Si (111). 
 
 Several differences can be noted between the experimental reflectivity spectrum of 
Fig. 5.6 and the simulated reflectivity spectrum presented in Fig. 2.6 for the same structure. 
First, for sample 703, the stop band is centered at an energy of ~3.4 eV, which is smaller than 
the expected energy position of the A exciton recombination band in the 10 K - 300 K 
temperature range (~3.45 ÷ 3.5 eV). This is most likely caused by the fact that the thickness 
of the λ/4 layers that make up the DBR was higher than the projected thickness, which 
resulted in a shift of the entire stop band towards lower energy values. 
 Second, the value of the stop band for this DBR (i. e. the spectral region in which the 
reflectivity R > 0.9) was found to be ~150 meV (±10 meV), which is only half of that 
theoretically predicted in section §2.3 (see Fig. 2.6). In fact, without the use of buffer layers to 
relax the high tensile strain between the DBR and the substrate, a high number of cracks, 
through which the strain is relaxed, were found to form during the growth process, as 
illustrated in Fig. 5.7, with an estimated crack density of ~5×102 cracks/mm2. 




Figure 5.7. Image of the surface of the DBR (sample 703) acquired using 
an optical microscope. 
 
 Although a relaxation of the strain present in the sample is expected due to the 
formation of such cracks that propagate in the growth direction, these defects act as scattering 
centers for photons, thus lowering the optical quality of the DBR. The high density of these 
structural defects explains the strong reduction of the DBR's stop band from the theoretically 
predicted value of 330 meV to the ~150 meV (±10 meV) measured experimentally. 
 Therefore, it becomes obvious that an increase of the number of pairs of layers making 
up the bottom DBR is necessary in order to achieve a broader stop band. Moreover, a finer 
tuning of the growth parameters must be made in order to reduce the number of cracks which 
broaden the spectral width of the cavity mode and lower the quality factor of the resonator. 
 
 
5.3. The half cavity (sample 808hc) 
 
 Following the results presented in the previous section, the half cavity was made out 
of a λ/2 layer of bulk GaN (~64 nm thickness) grown on 10 pairs of AlN/Al0.2Ga0.8N λ/4 
layers deposited on a Si (111) substrate (Fig. 5.8). The rotation of the sample was stopped 
during the deposition of the GaN active layer to allow the formation of a thickness gradient. 
After the completion of the full microcavity structure, this would allow achieving different 
detunings between the cavity mode and the exciton mode simply by changing the position of 
the excitation spot on the sample. 




 The optimization of the growth parameters allowed the growth of a sample with fewer 
structural defects than sample 703, resulting in the reduction of the density of cracks from 
~5×102 cracks/mm2 (sample 703) to ~60 cracks/mm2 (sample 808hc). An image of the surface 
of the half cavity is presented in Fig. 5.9. 
 
 
Figure 5.9. Image of the surface of the half cavity (sample 808) 
acquired using an optical microscope. 
 
 In Fig. 5.10 we show the TI PL (semi-logarithmic scale) and reflectivity spectra at T = 
10 K taken simultaneously using the first setup described in section §4.3. The different 
spectra were obtained by scanning the excitation spot across the sample. 
Figure 5.8. Sample 808hc: 64 nm 
GaN λ/2 + 10 pairs AlN/Al0.2Ga0.8N 
λ/4 + Si (111). 
10 pairs of λ/4 
AlN/Al0.2Ga0.8N 
Si (111) 
64 nm GaN (λ/2) 
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Figure 5.10. Simultaneous reflectivity (left) and TI PL (right) spectra at T = 10 K 
of the λ/2 GaN half-cavity (sample 808hc) as a function of excitation position. 
Spectra are shifted in intensity for clarity. 
 
 The exciton recombination band in the PL spectra is centered at approximately 3.5 eV, 
which indicates that the λ/2 active layer is subject to a higher tensile strain than all the GaN 
epilayers discussed in section §5.1. Moreover, the broadening of the exciton emission band at 
T = 10 K was found to be on the order of ~35 meV (±0.3 meV) (Fig. 5.12), a value much 
larger than those found for the epilayers (see Table 5.1). Since the contribution of the thermal 
(homogeneous) broadening of the exciton at this temperature can be considered negligible, we 
conclude that the exciton line shape is dominated by very strong inhomogeneous broadening 
mechanisms. Without the use of buffer layers or lattice matched λ/4 layers in the DBRs, the 
strain gives rise to numerous threading dislocations causing strong variations of the active 
region's energy gap resulting in a high inhomogeneous broadening of the emission. 
 The shape of the stop band of the half cavity's bottom DBR can be partially observed 
in the reflectivity spectra up to around ~3.5 eV, as a result of the lack of absorption of photons 
for energies below the band gap of GaN. For energies above the band gap however the light 
coming from the excitation source is subject to a strong absorption in the λ/2 active layer and 
the interaction with the bottom DBR is reduced. We also notice an energy shift of the stop 
band in reflectivity, which is most likely caused by the unintentional creation of a thickness 
gradient during the growth of the λ/4 layers. 
 In Fig. 5.11 we present in semi-logarithmic scale the exciton decay profile (red line) 
extracted from the TR PL measurement of the half cavity at low temperature (T = 10 K). The 
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non-resonant excitation of the sample was carried out using the 3rd harmonic of the 
Ti:sapphire laser. While clearly longer than the temporal profile of the laser pulse (black line), 
the exciton emission lifetime is still short. A value of only ~3 ps (±0.3 ps) was extracted for 
the lifetime of the exciton in the active layer of the half cavity from the decay profile 
presented in Fig. 5.11 using a fitting with an exponential decay function. Once again, this 
value is much smaller than those extracted for the GaN epilayers (see Table 5.1), indicating a 
major role of non-radiative channels in the recombination kinetics. In fact, a high 
concentration of impurities is expected in this sample due to the high mobility of silicon 
atoms at the growth temperature. The combined effect of a high density of structural defects 
and a high concentration of impurities explains the large inhomogeneous broadening and the 
very short lifetime of the exciton emission. 
 
Figure 5.11. Semi-logarithmic representation of the decay profile of 
sample 808hc (red line) at T = 10 K. The temporal profile of the laser pulse 
is also reported for comparison (black line). Intensities are normalized. 
 
 The emission energy of the exciton peak undergoes a red-shift of ~45 meV in the PL 
spectra with increasing the sample temperature from 10 K to room temperature (see Fig. 
5.12). More importantly, the total broadening of the exciton recombination band increases 
from 35 meV to 50 meV, while the line shape becomes asymmetrical at room temperature due 
to the contribution of band-to-band recombinations. Such a large value for the broadening of 
the emission, which is comparable to the Rabi splitting theoretically estimated in section §2.4 
for a complete λ/2 GaN based microcavity, raises concerns about the possibility of achieving 
strong coupling at room temperature in the complete microcavity structure. 
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Figure 5.12. TI PL of the λ/2 GaN half-cavity at T = 10 K (black line) 
and T = 300 K (red line), respectively. Spectra are normalized in intensity. 
 
 
5.4. The weak coupling 
 
 In a first attempt to create a microcavity in the strong coupling regime, a 20 nm Al 
layer was deposited on the half cavity described in the previous section, resulting in the 
structure shown in Fig. 5.13 (sample 808Al). The use of a metallic mirror to confine light 
makes it difficult to model this structure using the transfer matrix formalism described in 
section §2.2, which is adapted for the propagation of light through dielectric media. 
 
 The usage of a metallic top mirror instead of a heteroepitaxial DBR in order to provide 
a minimum confinement for the light in the active region was motivated by the poor 
crystalline quality of the underlying half cavity. A top heteroepitaxial dielectric mirror similar 
Figure 5.13. Sample 808Al: 
20  nm Al + 64 nm GaN λ/2 + 
10 pairs AlN/Al0.2Ga0.8N λ/4 + 
Si (111). 
10 pairs of λ/4 
AlN/Al0.2Ga0.8N 
Si (111) 
64 nm GaN (λ/2) 
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to the bottom DBR did not seem to be a good choice as it would have been subject to an even 
higher number of structural defects, and hence a very poor optical performance was expected 
for the full heteroepitaxial microcavity. In fact, such a sample was later grown and its optical 
quality was indeed much lower than that of sample 808Al, hence we chose not present it in 
this work. 
 In Fig. 5.14 we show the TI PL (semi-logarithmic scale) and reflectivity spectra at T = 
10 K taken simultaneously in different points along the thickness gradient of the GaN active 
layer. 
 
Figure 5.14. Simultaneous reflectivity (left) and TI PL (right) spectra at T = 10 K 
of sample 808Al as a function of excitation position. Spectra are shifted in intensity 
for clarity. The dotted lines in the reflectivity spectra are guides to the eye. 
 
 The dotted lines in the reflectivity spectra follow the energy positions of two modes 
that appear to anticross. In fact, the existence of a thickness gradient in the GaN active layer 
results in a continuous variation of the energy at which the cavity mode is resonant. Hence, by 
moving the excitation spot along the sample different energy detunings between the cavity 
mode and the exciton mode are probed. In this respect, the anticrossing of the two features 
visible in the reflectivity spectra of Fig. 5.14 can be interpreted as a coupling between the two 
modes. However, the anticrossing behaviour is not visible in the PL spectra, which only 
exhibit the emission of the bare A exciton mode (XA) at approximately the same energy as 
that measured for the half cavity discussed in the previous section (~3.51 eV at T = 10 K). 
 Following the discussion presented in section §4.1, the absence of an anticrossing in 
the PL spectra rules out the existence of a strong coupling regime. The appearance of an 
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anticrossing between the photon and exciton modes in reflectivity suggests the presence of a 
weak coupling, likely due to the reduced Q factor of our structure. In fact, the reflectivity of 
the Al mirror was found to be around ~0.75 (±0.05), a value much lower than those needed 
for the achievement of a satisfactory quality factor in excess of 100 (see section §2.3). The 
usage of a metallic mirror instead of a dielectric one also causes a cancellation of the 
constructive interference mechanism, which is one of the main reasons behind using DBRs to 
confine light in the cavity region. Hence, a strong coupling between the exciton and photon 
modes is unlikely to occur in the absence of an amplification of the electric field in the cavity 
region; therefore, only a weak coupling between the two modes is evidenced in reflectivity. 
 An additional effect that contributes to the polaritonic features in the PL spectra is the 
strong localization of the exciton. In fact, the emission energy of 3.508 eV (±1 meV) of the 
uncoupled A exciton (XA), indicated by an arrow in the reflectivity spectra, is below the 
energy of both modes seen in reflectivity for several positions on the sample. Since 
reflectivity measurements can only evidence transitions associated to the absorption of light 
by free oscillators (see section §4.1), we conclude that the anticrossing pattern observed in the 
reflectivity spectra of Fig. 5.14 reveals only a weak coupling regime between the cavity mode 
and the free  A exciton. 
 The anticrossing behaviour in the reflectivity spectra is visible up to room 
temperature, as shown in Fig. 5.15. The reduced number of spectra shown in Fig. 5.15, with 
respect to Fig. 5.14, is due to the shift of the PL emission towards a lower energy of 3.457 eV 
(±1 meV) with increasing temperature to 300 K. Hence, the data collected on points with a 
very positive detuning between the uncoupled cavity and exciton modes was omitted from the 
representation. At room temperature, the weakly coupled features in the reflectivity spectra 
appear more washed out. While the quality factor of the cavity is not expected to decrease 
with increasing temperature, the increased thermal broadening of the exciton mode gives rise 
to less pronounced features in reflectivity. Still, it is interesting to note that the weak coupling 
persists up to 300 K. 
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Figure 5.15. Simultaneous reflectivity (left) and TI PL (right) spectra at T = 300 K 
of sample 808Al as a function of excitation position. Spectra are shifted in intensity 
for clarity. The dotted lines in the reflectivity spectra are guides to the eye. 
 
 As expected, the line shape of the TI PL emission in Fig. 5.15 (right) presents a strong 
asymmetry at room temperature due to the contribution of band-to-band recombinations. We 
notice however a change in the shape of the thermal tail with changing detuning, which is 
most likely due to a filtering effect of the cavity mode. 
 Even for a weakly coupled system, a narrowing of the spectral width of the emission is 
still expected with respect to the free space emission of the half-cavity [30] [95] [96]. While 
the FWHM of the PL line shape increases from 23 meV at T = 10 K to 40 meV at T = 300 K 
(see Fig. 5.16), both of these values are smaller than those measured for the half cavity (35 
meV at 10 K and 50 meV at 300 K, respectively). 
 
Figure 5.16. TI PL of sample 808Al at T = 10 K (black line) 
and T = 300 K (red line), respectively. Spectra are normalized in intensity. 
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 The spectral narrowing of the excitonic emission demonstrates the existence of a weak 
coupling between the exciton and photon modes. The strong coupling of the modes is not 
observed, most likely due to the very small quality factor of the microcavity, which is 
estimated to be approximately Q ≈ 35 from eq. (22), with the reflectivities of the two mirrors 
taken as RDBR ≈ 0.95 and RAl ≈ 0.75, respectively. At this point it became obvious that the 
reflectivity of the top mirror needed to be improved in order increase the quality factor of the 
microcavity to values that would allow the observation of strong coupling. 
 
 
5.5. The strong coupling 
 
 As mentioned at the beginning of the previous section, in order to create a top DBR 
with a satisfactory reflectivity and stop band, the growth of a fully epitaxial microcavity was 
also attempted by growing 7 pairs of AlN/Al0.2Ga0.8N λ/4 layers on top of the half cavity 
described in section §5.3. The optical quality of the resulting structure was found to be 
inferior to that of sample 808Al, and hence a different approach had to be used to complete 
the microcavity. 
 The solution lied in using not an epitaxially grown DBR, but one simply made of 
amorphous dielectric Si3N4/SiO2 λ/4 layers. There are considerable advantages in using 
amorphous dielectric layers instead of epitaxially grown layers. Firstly, in the case of an 
epitaxially grown top DBR, the structural defects (cracks, dislocations etc.) present in the 
underlying structure will not only propagate in the growth direction, but they will also 
multiply, causing a reduction in the optical quality of each successive λ/4 layer. However, this 
is not the case for an amorphous dielectric material, as it will not obey the crystalline 
symmetry of the underlying layer, nor it will be subject to strain effects and structural defects. 
Secondly, the growth of high quality Si3N4 and SiO2 λ/4 layers is very well mastered and can 
be easily achieved by metalorganic vapour phase epitaxy (MOVPE), which is a well-
established production technology [97]. Finally, the increased refractive index contrast 
between Si3N4 and SiO2 ( 341.1/ 243 =SiONSi nn ), compared to that of AlN and Al0.2Ga0.8N 
( 164.1/
8.02.0
=AlNNGaAl nn , see section §2.3), results in the achievement of a higher reflectivity 
and a larger stop band for a Si3N4/SiO2 DBR made of fewer pairs of λ/4 layers than a 
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AlN/Al0.2Ga0.8N DBR. (The refractive indexes 099.243 =NSin  and 565.12 =SiOn  at 355 nm 
were extracted from ref. [98].) 
 Hence, the bulk λ/2 GaN microcavity was completed with the deposition of 8 pairs of 
Si3N4/SiO2 λ/4 layers on top of the half cavity described in section §5.3 (Fig. 5.17). The 
structure illustrated in Fig. 5.17 (sample 808) is also known as a hybrid microcavity due to the 
use of both heteroepitaxial and amorphous dielectric materials in its structure. 
 
 
 The simultaneous reflectivity and TI PL (semi-logarithmic scale) spectra obtained by 
scanning the excitation spot along the thickness gradient of the GaN active layer are presented 
in Fig. 5.18 for a temperature of 10 K. The observation of an anticrossing between the two 
spectral features in both reflectivity and PL, assigned to the upper and lower polariton, 
respectively, demonstrates the presence of a strong coupling in the hybrid microcavity at low 
temperature. The population of the upper polariton, evidenced in the PL spectra, is quite small 
at T = 10 K. In fact, since the upper polariton is mainly populated through the interaction 
between acoustic phonons and polaritons in the thermal region of the lower branch (see 
section §4.2, Fig. 4.4), this is an inefficient process at low temperature, explaining the low 
upper polariton population for very positive detunings where UP has a high photonic fraction. 
10 pairs of λ/4 
AlN/Al0.2Ga0.8N 
Si (111) 
64 nm GaN (λ/2) 
8 pairs of λ/4 
Si3N4/SiO2 
Figure 5.17. Sample 808: 8 pairs of 
Si3N4/SiO2 λ/4 + 64 nm GaN λ/2 + 10 
pairs of AlN/Al0.2Ga0.8N λ/4 + Si (111). 
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Figure 5.18. Simultaneous reflectivity (left) and TI PL (right) spectra at T = 10 K 
of the hybrid microcavity (sample 808) as a function of excitation position. 
Spectra are shifted in intensity for clarity. The dashed lines are guides to the eye. 
 
 The quality factor of the microcavity, extracted as the ratio between the cavity 





808 ≅=Q         (68) 
 
 A Rabi energy splitting of 30 meV (±1 meV) is extracted for the two polariton modes 
from the PL spectra, suggesting that the strong coupling should occur even at room 
temperature. As we have seen in the previous sections, increasing the temperature of the 
structure from 10 K to 300 K will result in a significant red shift (~45 meV) of the excitonic 
transitions energy, a value which is larger than the Rabi splitting. As a result, the temperature 
can be used as an effective way to tune the polariton modes. This method of tuning the 
polariton branches in the strong coupling regime has been demonstrated previously in GaAs 
based systems [99] - [101]. Fig. 5.19 shows the temperature-dependent reflectivity and 
photoluminescence (semi-logarithmic scale) measured in the same point on the sample in the 
temperature range between 10 K and 300 K. 
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Figure 5.19. Simultaneous reflectivity (left) and TI PL (right) spectra in the same point 
of the hybrid microcavity (sample 808) as a function of temperature. 
Spectra are shifted in intensity for clarity. The dotted lines are guides to the eye. 
 
 The observation of the upper and lower polariton features up to room temperature in 
both TI PL and reflectivity demonstrates the existence of a strong coupling regime even at 
temperatures comparable to the Rabi splitting between the two modes. Moreover, the UP can 
be observed at 300 K in photoluminescence for very positive detunings, likely due to a 
stronger interaction of acoustic phonons with polaritons in the thermal region of the lower 
polariton. The presence of the strong coupling at room temperature, as well as the more 
efficient population of the upper polariton are clearly demonstrated by the anticrossing patters 
illustrated in Fig. 5.20. 
 
Figure 5.20. Simultaneous reflectivity (left) and TI PL (right) spectra at T = 300 K 
of the hybrid microcavity (sample 808) as a function of excitation position. 
Spectra are shifted in intensity for clarity. The dashed lines are guides to the eye. 
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 As a result of the strong coupling, the broadening of the emission from the lower 
polariton is expected to change with detuning due to a variation of its respective excitonic and 
photonic fractions (see eq. (65)). Indeed, a significant narrowing of the LP PL is observed for 
very negative detuning, where the LP has a high photon fraction, whereas for very positive 
detuning, having a high excitonic fraction, the broadening of the LP recombination band is 
identical with the one measured for the bare exciton emission of the half cavity at room 
temperature (Fig. 5.21). 
 
Figure 5.21. Room temperature TI PL of the bare exciton of the half cavity (black line), LP PL 
at very positive detuning (red line), and LP PL at very negative detuning (green line). 
Energy scales are shifted for clarity. Intensities are normalized. 
 
 Further modifications are expected in the recombination kinetics. The emission 
lifetime of the polariton must be modified with respect to the bare exciton in the half cavity, 
as a consequence of the strong electromagnetic coupling that is established between excitons 
and photons. The photon lifetime simply reflects the escape from the optical resonator and it 
is usually much shorter than the exciton lifetime. In the case of our present structure, which 
exhibits a Q factor of ~150, the cavity photon lifetime is estimated to be ~0.05 ps. Therefore 
an increase of the PL lifetime is expected when increasing the cavity detuning from negative 
to positive values. The experimental decay curves for the lower polariton at three different 
detunings (red, green, blue) are reported in Fig 5.22 in semi-logarithmic scale and compared 
with the instrumental resolution (black) and the lifetime of the PL band (cyan) of the active 
GaN λ/2 layer prior to the deposition of the upper dielectric DBR, for a temperature of 10 K. 
The emission lifetimes are very short, but the increase of the lower polariton lifetime with its 
increasing excitonic fraction is clearly observed. As in the case of emission broadening, for a 
very positive detuning the decay time of the LP coincides with that of the half cavity's bare 
5. Bulk GaN microcavities and related structures 
 83 
exciton. We note that the 2 ps temporal resolution of our streak camera is almost two orders 
of magnitude longer than the estimated lifetime of the cavity photon; hence we cannot gain 
access to the real decay profile of the lower polariton when it has a considerable photon 
fraction, as the measured decay profile is dominated by the time resonse of our acquisition 
system. 
 
Figure 5.22. Semi-logarithmic representation of the decay profiles 
of the hybrid microcavity (sample 808) at T = 10 K for negative (red line), 
zero (green line), and positive detuning (blue line), respectively. 
The temporal profile of the laser pulse (black line) and the decay profile 
of the bare exciton of sample 808hc (cyan line) are also reported for comparison. 
Intensities are normalized. 
 
 
5.5.1. Thermalization issues 
 
 As we have seen, the population of the upper polariton through acoustic phonons 
interaction is found to be more efficient with increasing temperature. However, the very short 
lifetime of the lower polariton raised questions about the state of thermalization of the two 
polariton branches, which is a relevant issue in microcavity physics and applications [30]. 
This fact encouraged us to study the aspect of thermalization between the upper and lower 
polariton branches at 300 K, which is the temperature of interest for practical applications. In 
order to exploit this point, we first used the transfer matrix formalism described in chapter §2 
to calculate the reflectivity, absorption, and transmission coefficients of our structure 
corresponding to the anti-crossing position on the sample at room temperature. Parameters 
used were a longitudinal transverse splitting ωLT = 1 meV, exciton inhomogeneous 
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broadening Γinh = 25 meV and exciton homogeneous broadening at room temperature Γhom = 
30 meV; the values for the two broadenings are extracted from the PL of the half cavity 
(sample 808hc) and the highest quality epilayer (N191), respectively. Experimental and 
simulated reflectivities are found to be in good agreement (Fig. 5.23 (a)), considering that 
neither the B or C excitons, nor interband transitions were considered in our model. The 
deduced absorption spectra calculated as A = 1 - R - T is depicted in Fig. 5.23 (b) and 
compared with A' = 1 - R, which is an experimentally accessible data; here T and R are the 
transmitted and reflected power densities normalized to the incident power density. Although 
quantitatively there is a factor of ~25% between A' and A, both spectra are quite similar in 
terms of shape. Thus, from a qualitative point of view, the contribution given by the 
transmission can be neglected. This is also sustained by the fact that absorption will suffer a 
large rescaling when fitted over data inferred from experimented PL. These considerations 
allow us to extract absorption directly from the experimental reflectivity as A = 1 - R, without 
having to go through a fitting procedure. 
 
Figure 5.23. (a) Reflectivity spectra corresponding to the anti-crossing position in detuning (black line) 
for T =300 K fitted with a transfer matrix simulation (red line). (b) Absorption spectra corresponding 
to the anti-crossing position in detuning, obtained with and without the contribution of transmission. 
 
 In order to determine the extent to which one can say that polariton populations of the 
two branches are thermalized, absorption obtained as A = 1 - R was multiplied by a 
Boltzmann filling factor corresponding to a temperature of 300K and compared with 
experimental PL, as seen in Fig. 5.24 (a). Fig. 5.24 (b) follows the reverse procedure, i. e. 
experimental absorption is fitted with experimental PL divided by the same Boltzmann filling 
factor. The strong signal fluctuations visible in Fig. 5.24 (a) at low energies are due to the 
multiplication of the experimental absorption with an exponentially increasing filling factor, 
resulting in the strong amplification of its background noise. Differences between the two 
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spectra are small and we find a good agreement between absorption calculated by either 
reflectivity or PL (up to a Boltzmann filling factor), given the roughness of our assumptions. 
No adjustable parameters were used in the comparison. 
 
Figure 5.24. (a) Absorption multiplied by a Boltzmann filling factor (green line) compared with 
experimental PL (red line). (b) Experimental absorption (green line) compared with PL 
divided by the same Boltzmann factor (red line). Intensities are normalized. 
 
 Hence, the room temperature polariton emission of the hybrid microcavity (sample 
808) reveals thermalized populations between the two polariton branches, despite the very 
short lifetimes (see Fig. 5.22). This denotes very efficient energy relaxation processes in the 
LP, as well as an efficient population of the UP states through acoustic phonon interactions in 
our bulk GaN microcavity, an aspect which is in sharp contrast with the findings on GaAs 
based microcavities where a strong polariton bottleneck was found to inhibit polariton 
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5.5.2. Suppression of the relaxation bottleneck 
 
 As already mentioned in the introduction, in the case of non-resonant optical 
excitation of GaAs QW microcavities, acoustic phonon scattering rates from the thermal 
region into the strong coupling region are found to be small due to the large energy transfer 
required compared to the typical acoustic phonon energies of 1 meV. Furthermore, the 
strongly coupled states have very short radiative lifetime (~1 ps) due to their high photon 
fraction, thus leading to a non-thermal polariton population and the occurrence of a relaxation  
bottleneck [17] [18]. Trying to overcome this bottleneck by increasing excitation densities in 
order to stimulate exciton - exciton scattering resulted in the collapse of strong coupling, and 
the achievement of conventional photon lasing (VCSEL) [19] [20]. On the other hand, due to 
the small exciton binding energy and Rabi splitting (~5 meV), it was not possible to increase 
the sample temperature in order to stimulate a more efficient relaxation of polaritons through 
acoustic phonon interactions, as this would have resulted in the ionization of excitons and the 
destruction of the strong coupling regime. Thus, it becomes obvious that the existence of a 
polariton relaxation bottleneck in a semiconductor microcavity can have important 
consequences on its performances, which motivated us to study this phenomenon in our 
hybrid bulk GaN microcavity. 
 In GaAs based microcavities, the relaxation bottleneck manifests itself as a strong 
increase of the LP PL intensity at emission angles corresponding to the anticrossing between 
the two polariton branches (i. e. resonance of the uncoupled exciton and photon modes) at low 
temperature and low excitation power density [18]. In order to check for the existence of a 
relaxation bottleneck in our GaN microcavity (sample 808), we performed angle resolved PL 
measurements (using the setup described in section §4.3) at various temperatures and different 
detunings, which allows us to determine the occupancy of the polariton branches. We chose to 
work at three negative detunings δ between the uncoupled photon and exciton modes at k = 0, 
in order to be able to observe the anticrossing of the polariton dispersion curves at resonance. 
The typical anticrossing behaviour of the lower and upper polariton modes in PL (semi-
logarithmic scale) is illustrated in Figs. 5.25 (a) - (c), corresponding to the three negative 
detunings considered, with approximate values of: (a) δ = -10 meV, (b) δ = -40 meV, and (c) 
δ = -80 meV, respectively. While the anticrossings of the two features are observed even for 
low temperatures, we chose to present the angle resolved PL spectra for higher temperatures 
due to the increased visibility of the upper polariton. As discussed previously, the energy 
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positions of the upper and lower polariton emissions in the angle resolved spectra allow the 
extraction of the polariton dispersion curves as a function of the external emission angle θ. 
 
Figure 5.25. Angle resolved PL spectra of sample 808 (in semi-logarithmic scale) for emission 
angles from 0° to 40° corresponding to: (a) δ = -10 meV, T = 300 K; (b) δ = -40 meV, T = 300 K; 
(c) δ = -80 meV, T = 225 K. The spectra are shifted in intensity for clarity. The dotted lines 
are guides to the eye, indicating the positions of the LP and UP emissions. 
 
 Fig. 5.26 depicts the intensity variation of the LP mode with the external angle of 
detection θ at different temperatures for an incident power density of 10 W/cm2. 
 
Figure 5.26. Experimental LP PL 
intensities as a function of the external 
detection angle at different temperatures 
for a given initial detuning δ of (a) δ  = -10 
meV, (b) δ  = -40 meV, (c) δ  = -80 meV, 
respectively. The insets represent the LP 
and UP dispersion curves at 300 K for (a) 
and (b), and at 225 K for (c). The 
intensities are normalized to unity for 0° 
detection angle. 
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 The same three detunings between the uncoupled photon and exciton modes at k = 0 
were considered, with approximate values of: (a) -10 meV, (b) -40 meV, and (c) -80 meV. 
Peak intensities were normalized to unity for 0°, and the 1/cos(θ) correction was also 
considered. In order to keep the initial detuning constant at all temperatures, the position on 
the sample was adjusted accordingly, taking advantage of the wedged profile of our 
microcavity. In Fig. 5.26 (c), the dependence at 300 K is not shown since a negative detuning 
of -80 meV could not be achieved for the sample at this temperature. The insets show the 
polaritonic dispersion curves, extracted from Figs. 5.25 (a) - (c), at 300 K for Figs. 5.26 (a) 
and (b), and at 225 K for Fig. 5.26 (c), as a function of the external emission angle for the 
three initial detunings. The energy positions of the two polaritonic features are reported within 
an error of ±0.3 meV. The arrows indicate the angles at which the two modes anticross. 
 At low temperatures, a maximum of the LP intensity versus angle is observed in Figs. 
5.26 (a) - (c) at 10°, 20° and 30°, respectively. The enhancement of the emission corresponds 
to the angles at which the two branches anticross and, according to our previous discussion,  
can be considered an experimental demonstration [18] of the presence of a relaxation 
bottleneck, i. e. the inefficient scattering of high k polaritons into lower k states. Although a 
suppression of the relaxation bottleneck has been achieved in GaAs and II-VI MCs for high 
excitation densities through exciton - exciton scattering mechanisms [17, 24], these systems 
offer little insight onto the possibility of studying a phonon mediated bottleneck suppression 
due to the loss of strong coupling at non-cryogenic temperatures. Since in GaN MCs the 
strong coupling is observed up to room temperature, this allows us to study relaxation 
mechanisms through exciton - phonon interaction. In Figs. 5.26 (a) - (c), for all detunings, we 
observe a reduction in the emission enhancement at resonance with increasing temperature. 
We also notice that the reduction is more significant for a large initial detuning (Fig. 5.26 (c)), 
where the LP dispersion curve is much steeper around the anticrossing position and hence a 
stronger bottleneck effect is expected to be present, and less significant for a small initial 
detuning (Fig. 5.26 (a)) that gives rise to a less steep dispersion curve. In all cases, near room 
temperature (Fig. 5.26 (c)) and at room temperature (Figs. 5.26 (a) and (b)), the polariton 
relaxation bottleneck is almost completely washed out. 
 Our experimental findings are supported by theoretical results reported in Fig. 5.27, 
which were obtained by our colleagues from the University Blaise Pascal in Clermont 
Ferrand. Simulations of the LP emission as a function of angle at temperatures and detunings 
identical to the experimental ones were performed by solving semi-classical Boltzmann 
equations, using a model developed to describe the emission of bulk GaN microcavities [102]: 
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 In this equation, kn  is the occupation number of a state with wave vector k; the kP  and 
kk nΓ  terms describe the pumping and decay of the particles. The scattering rates 'kkW →  take 
into account the exciton - phonon interaction (LO phonons by Frölich interaction, acoustic 
phonons by deformation potential and piezoelectric interaction) and exciton - exciton 
interaction (in the Born approximation). Details of the simulation, the expression giving the 
scattering rates, and the material parameters can be found in ref. [102], and references within. 
The specificity of the present structure, namely the cavity photon lifetime of ~0.05 ps, the 
experimentally estimated non-radiative exciton lifetime of 3 ps, and the inhomogeneous 
broadening of the exciton line of ~25 meV, were all taken into consideration. The emission 
intensity was calculated by integrating the occupation coefficients over the first 50 ps after the 
arrival of the exciting pulse and taking into account the photonic fraction of the corresponding 
states. 
 
Figure 5.27. Theoretical simulations of 
the LP PL intensities as a function of 
angle. The lines are obtained as 
solutions of semi-classical Boltzmann 
equations using the initial detuning δ of 
the experimental data presented in Fig. 
5.26: (a) δ  = -10 meV, (b) δ  = -40 
meV, and (c) δ  = -80 meV. The 
intensities are normalized to unity for 0° 
detection angle. 
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 The theoretical simulations performed confirm three very important aspects of our 
experimental findings: (i) the enhancement of the PL emission at those angles where we 
observe the anticrossing of the LP and UP branches; (ii) the increase at low temperature of the 
ratio between the PL intensity maxima and the PL intensity at k = 0 as the detuning between 
the uncoupled photon and exciton modes becomes more negative; (iii) the suppression of the 
bottleneck with increasing temperature. The significant agreement between experiment and 
theory indicate a clear understanding of the main physical mechanisms involved. 
Nevertheless, we also note that the theoretical predictions show a larger ratio between the PL 
intensity maxima and the PL intensity at k = 0 with respect to the experimental findings, 
especially at large negative detunings. We attribute this discrepancy to disorder effects, 
known to play an important role in nitrides, and to an underestimation of the exciton - carrier 
and exciton - exciton scatterings. In fact, since GaN grown on Si (111) via AlN layers is very 
resistive and due to the difficulty in estimating the unintentional carrier doping in our 
structure, the exciton-carrier scattering was not considered in the simulation. Furthermore, the 
excitation power density of around 10 W/cm2 used in our measurements cannot be considered 
negligible. 
 In order to check the role of exciton - exciton scattering, in Fig. 5.28 we show the 
experimental LP PL intensity dependence with angle at 80 K (Fig. 5.28 (a)) and 150 K (Fig. 
5.28 (b)) for an initial detuning of -40 meV and for incident power densities ranging from 10 
to 80 W/cm2. 
 
Figure 5.28. Experimental LP PL 
intensities as a function of external 
detection angle for different 
excitation power densities at: (a) 80 
K and (b) 150 K, respectively. The 
detuning between the uncoupled 
photon and exciton modes at k = 0 
is -40 meV. Intensities are 
normalized to unity for 0° detection 
angle. 
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 We find a small superlinear increase of the emission at small angles with increasing 
excitation and a suppression of the relaxation bottleneck, likely driven by the exciton - exciton 
scattering processes. This suppression effect is more pronounced at 80 K than at 150 K, 
because the reduced weight of exciton - phonon scattering in the relaxation of lower 
polaritons. We conclude that even at 10 W/cm2, the exciton - exciton relaxation mechanism 
may play a role in our system, thus explaining the slightly reduced bottleneck suppression in 
the theoretical simulations at higher temperatures when compared to the experimental data. 
 Therefore, we find that, despite the small density of states and a PL lifetime of only 3 
ps, the thermal suppression of the LP relaxation bottleneck implies that at 300 K exciton - 
acoustic phonon scattering in GaN MCs is the dominant relaxation mechanism through which 
the lower k states are populated. Hence, while angle resolved measurements reveal a 
significant relaxation bottleneck in bulk GaN based microcavities at low temperature, the 
scattering of high k polaritons towards lower k states becomes more efficient with increasing 
temperature, and a complete suppression of the relaxation bottleneck is found at room 
temperature. The remarkable energy relaxation of the LP branch at 300 K within the very 
short polariton lifetime denotes an efficient polariton - acoustic phonon scattering. This is 
supported by a fully comprehensive theory based on the Boltzmann equations that reproduces 
qualitatively, and semi-quantitatively, the experimental data. 
 
 To conclude this section, we demonstrated the presence of a strong coupling regime in 
our bulk λ/2 GaN microcavity, and we found important differences in the dynamics of 
polaritons with respect to the GaAs counterparts in terms of thermalization of the upper and 
lower polariton populations, and in the possibility to achieve a suppression of the relaxation 
bottleneck without the destruction of the strong coupling regime.  
 
 
5.6. Conclusions of the chapter 
 
 In this chapter we followed the development of bulk GaN microcavities from their 
basic constituents (active layer, DBR) into complete structures. We have shown how the 
improvement of their quality factor resulted in the transition from weak coupling to strong 
coupling. We examined the peculiarities of the strong coupling in our hybrid microcavity, 
placing a special emphasis on the 'natural' relaxation of the relaxation bottleneck at room 
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temperature, a clear advantage of GaN based microcavities when considering the realization 
of a room temperature operating polariton laser. 
 However, the lack of a marked superlinear increase of the emission at k = 0 when 
increasing power density above a threshold, denoting the formation of a polariton condensate 
similar to the one observed for II-VI MCs [24], is an indication of the strong disorder still 
present in GaN microstructures, mainly caused by strain related effects. Therefore, 
uncertainties in controlling strain effects during the growth process still limit the optical 
quality of GaN based microcavities, strongly affecting their polariton recombination 
dynamics. 
 While a considerable progress in the optimization of growth parameters was achieved 
over the course of this study, at the same time the growth of GaN QWs has also seen 
important improvements, especially in the control of QCSE related effects discussed in 
subsection §1.3.2, which led the scientific community to reconsider them for the realization of 
the active region of a microcavity. In fact, the increased exciton binding energy and oscillator 
strength with respect to bulk GaN make them the prime candidates for the realization of a 
room temperature operating polariton laser. The following chapter is dedicated to the study of 
state-of-the-art GaN/AlGaN quantum wells. 
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6. Optical properties of state-of-the-art GaN/AlGaN 
quantum wells 
 
 As discussed in section §3.2, for a number of years the achievement of GaN/AlGaN 
quantum wells with an optical quality comparable to that of GaN epilayers faced a lot of 
difficulties due to the limited know-how that the growers had in controlling structural defects. 
The large inhomogeneous broadening of the PL [31] [74], and the decrease of the exciton 
binding energy and oscillator strength below values measured for bulk GaN [78] needed to be 
addressed through sample design and optimization of growth parameters. The samples studied 
in this chapter were provided to us by our colleagues from EPFL, Lausanne, Switzerland. 
 
 
6.1. Description of samples 
 
 In this chapter we will refer to two types of samples, which are GaN/AlxGa1-xN 
quantum wells with small Al content in the barriers (x = 5%, and 9%, respectively). The idea 
behind using such a small Al concentration in the confining layers was to reduce the lattice 
mismatch between the barriers and the GaN well region. The minimization of such strain was 
a key factor in reducing the QCSE associated to the strong piezoelectric field to allow for a 
better control of all the unwanted effects discussed in subsection §1.3.2. 
 One of the main advantages in the growth of the samples was the use of the same 
technique utilized for the dielectric DBR (see section §5.5), which is MOVPE, a well-
established production technology [97]. The samples were grown on high quality 3 µm thick 
GaN templates on c-plane sapphire substrates. Single QWs were grown on a 200 nm thick 
AlxGa1-xN layer and then capped with a 50 nm thick AlxGa1-xN layer, with x = 5% or x = 9%, 
respectively. A detailed description of the growth process and optimization of the interfaces is 
provided in Ref. [103]. We would just like to mention that the optimization of interfaces 
between barriers and well proved to be crucial in reducing the alloy fluctuations in the 
barriers, which, as we will see, resulted in a significant decrease of the inhomogeneous 
broadening of the emission compared to previous samples. The growth of the well region was 
performed to produce a thickness gradient across the sample. Well thicknesses were found to 
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be in the range from 3 monolayers (MLs) to 10 MLs (i. e. 15 ÷ 50 Å) for the two samples. As 
a result, the energy of the exciton recombination could be efficiently tuned on the samples. 
 
 
6.2. Recombination kinetics of biexcitons 
 
  As discussed in section §1.2, the exciton is a free particle which, similar to atoms in 
gas phase, may interact to produce exciton molecules, i. e. biexcitons. A relevant requirement 
for the observation of the biexciton formation in a QW is the high optical quality of the 
structure. The in-plane structural disorder produces exciton localization (which strongly 
reduces the probability of biexciton formation) and it determines the inhomogeneous 
broadening of the exciton optical resonance (which may mask the biexciton recombination). 
Hence, the investigation of the biexciton recombination is a very simple and straightforward 
way to assess the optical quality of our QWs. 
 A lot of studies on biexciton properties in III-V semiconductors have been performed 
in GaAs based QWs [104] - [106], where the optical quality is nowadays extremely high. 
However, a relevant drawback of GaAs QWs is that the biexciton binding energy is in the 
range of 1 meV. As a consequence, the biexciton gas thermalizes with the excitons resulting 
in a common averaged kinetics [106]. In ionic II-VI QWs, the biexciton energy increases up 
to about 10 meV and stable excitons are observed. These are found to play a key role in the 
stimulated emission process [107]. Despite this, little work has been dedicated to the biexciton 
kinetics in II-VI QWs [108] [109], also because the large inhomogeneous broadening 
commonly observed tends to mix exciton and biexciton emissions [108]. GaN based QWs 
offer the advantage of an increased exciton binding energy, estimated to be larger than 30 
meV in low Al content narrow GaN/AlGaN QWs [25], but on the other hand the presence of a 
built-in electric field affects the exciton and biexciton kinetics, so it is of relevance to 
investigate the drawbacks associated to the QCSE. 
 Fig. 6.1 (a) shows, in semi-logarithmic scale, the TI PL spectra measured at 10 K on 
the GaN/Al0.05Ga0.95N QW at an estimated well thickness of ~2.6 nm, for different excitation 
power densities. The peak at 3.575 eV (±1 meV) corresponds to the recombination from the 
Al0.05Ga0.95N barrier and the peak at 3.559 eV (±1 meV) is the excitonic recombination (X) 
from the GaN QW, showing an overall broadening as small as 5.4 meV (±0.3 meV) (for 
details, see Fig. 6.12). 
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Figure 6.1. (a) TI PL spectra of the 2.6 nm thick GaN/Al0.05Ga0.95N QW measured at 10 K 
for different excitation power densities (reported in W/cm2) in semilogarithmic scale. 
(b) Comparison between PL and PLE spectra measured at 10 K. (c) Comparison 
of the X and BX TR PL intensities in logarithmic scale. The line is the square 
of the X TR PL intensity scaled in order to fit with the BX data. 
 
 We report in Fig. 6.1 (b) the comparison between TI PL and PL excitation (PLE) 
spectra measured at 10 K, denoting a Stokes shift of only 3.6 meV (±0.3 meV), which 
indicates the high sample quality, even if it is definitely higher respect to the values of GaAs 
based QWs. When increasing the pump intensity, a peak at about 9 meV (±0.3 meV) below 
the exciton peak grows superlinearly with the excitation power. This trend is not consistent 
with bound exciton recombination - in agreement with the low impurity content, the estimated 
n-type background doping being as low as 1016 cm-3 - which should instead saturate at high 
excitation. The PL superlinearity is the fingerprint of the biexciton recombination (BX), 
whose density is predicted to scale quadratically with the exciton population. In order to 
carefully analyze this point, in Fig. 6.1 (c), we compare the initial exciton and biexciton 
populations, as obtained from the emission intensity of TR PL spectra with a time window of 
70 ps (see also Fig. 6.3) at the PL peak. As expected [105], the exciton recombination exhibits 
a sublinear increase with increasing excitation power density, while the biexciton perfectly 
follows the law BX ∝ X2. The huge biexciton binding energy very likely reflects both the 
strong Coulomb interaction in nitrides and, to a lesser extent, the enhancement of the Haynes 
factor associated with localization due to structural disorder [110]. 
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 Let us now address the interplay between biexciton formation and ionization by means 
of PL spectra taken at different temperatures. TI PL data are shown in Fig 6.2. Very small 
changes are found between 10 and 20 K, both for X and BX. At 30 K, the X emission 
intensity is only slightly decreased, while the emission of the BX band is already reduced, and 
for higher temperatures, the exciton emission also starts to quench. 
 
Figure 6.2. TI PL spectra of the 2.6 nm thick GaN/Al0.05Ga0.95N QW measured at different 
temperatures for a power density of 20 W/cm2 in a linear scale. Inset semi-logarithmic plot 
of the ratio between the square of the integrated PL intensity at the X band divided by the BX 
integrated PL intensity as a function of 1/kBT. The dependence expected for the mass law 
expressed in eq. (70) is also reported for comparison. 
 
 As a matter of fact, a thermodynamic and chemical equilibria between X and BX have 
been observed in GaAs QWs [106], due to the very fast thermalization process as compared 
with the recombination one. This leads to a mass action law expressed as: 
 







,       (70) 
 
where BX∆  is the BX binding energy and Xn  and BXn  are the exciton and biexciton densities, 
respectively [106]. The 9 meV biexciton binding energy, to be compared with 1.5 meV in 
GaAs QWs [105], suggests a much longer time for the biexciton dissociation at low 
temperatures in GaN QWs, and therefore a different interplay between X and BX is expected. 
The semi-logarithmic plot of the ratio between the square of the integrated PL intensity at the 
X band divided by the BX integrated PL intensity is reported as a function of 1/kBT in the 
inset of Fig. 6.2. Clearly, the BX and X populations are not thermalized at low T, and 
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eventually, the biexciton ionization starts to play a role, throughout the exciton lifetime, only 
for temperatures higher than 30 K. Therefore, we can use the TR PL data measured at 10 K to 
determine the rates for the formation and recombination of the X and BX bands. 
 The image of the TR PL measured under non-resonant excitation (at ~267 nm, that is, 
more than 1 eV above the QW exciton transition) is shown in Fig. 6.3 (a), as measured by the 
streak camera apparatus. 
 
Figure 6.3. (a) Streak image of the TR PL of the 2.6 nm thick GaN/Al0.05Ga0.95N QW measured at 
10 K and a power density of 20 W/cm2 under non-resonant excitation at ~267 nm. (b) TR PL spectra 
at different time delays with time step reported in picoseconds, in semi-logarithmic scale. 
The line is a guide to the eye. (c) Decays of the exciton and biexciton emissions in 
semi-logarithmic scale. The square of the exciton emission is also reported for comparison, 
as well as the instrumental response (Laser). 
 
 The TR PL spectra, obtained as horizontal cuts of the streak image at different time 
steps, are reported in Fig. 6.3 (b), showing an energy shift of the X line of approximately 1 
meV in the initial dynamics. We found that the observed shift does not depend on the 
excitation power, as it was found even for the lowest excitation power density of 0.2 W/cm2 
(see Fig. 6.4), and therefore it cannot be attributed to the screening of the piezoelectric field 
(see subsection §1.3.2). If fact, the estimated carrier density (~2.5 × 1011 cm-2) at the highest 
excitation power used is well below that where screening effects are expected to occur [111]. 
As discussed below, we attribute this shift to acoustic phonon mediated relaxation between 
excitonic localized states. 
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Figure 6.4. TR PL spectra of the 2.6 nm thick GaN/Al0.05Ga0.95N QW measured at 10 K 
and an excitation power density of 0.2 W/cm2 in semi-logarithmic scale. The dotted line is a 
guide to the eye illustrating the red-shift of the X recombination band. 
 
 In addition, the X and BX emissions follow different recombination kinetics. This is 
further elucidated by the time evolution of the X and BX emissions, reported in Fig. 6.3 (c). 
Clearly, the BX band shows a longer rise time (35 ps (±1 ps)) and a faster decay time (145 ps 
(±5 ps)) as compared to the excitonic emission (10 ps (±1 ps) rise time, and 210 ps (±5 ps) 
decay time, respectively). In Fig. 6.3 (c), the square of the excitonic emission is reported for 
comparison. Such a trend would be expected for the BX time evolution on the basis of 
thermodynamic equilibrium between X and BX, as already observed in GaAs QWs [106]. 
Obviously, the BX time evolution in our GaN QW does not support the equilibrium condition. 
At the same time, assuming that the biexciton will continuously form from excitons with a 
formation probability proportional to 2Xn , the BX rise time would be given by half the exciton 
decay time, which is much longer than the experimental findings. This means that the BX 
formation only occurs during the early stage of the exciton recombination kinetics. 
 In order to asses the interplay between the biexciton formation and the exciton 
recombination kinetics, we performed TR PL measurements under resonant excitation. The 
image of the TR PL, as measured by the streak camera apparatus, is shown in Fig. 6.5 (a) for 
the detection channel cross polarized with respect to the excitation. The laser energy is tuned 
at 4 meV above the excitonic PL and appears as a bright spot on the image. The comparison 
between the time evolutions of the BX (X) emission for resonant and non-resonant excitations 
is reported in Fig. 6.5 (b) (Fig. 6.5 (c)). 
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Figure 6.5. (a) Streak image of the TR PL of the 2.6 nm thick GaN/Al0.05Ga0.95N QW measured at 10 K 
and a power density of 20 W/cm2 under resonant excitation at ~348 nm. (b) Comparison of the BX time 
evolution for resonant and non-resonant excitation, in linear scale. The energy shift (squares) of the 
X line under non-resonant excitation, with energy positions extracted from Fig. 6.4, is also shown 
together with an exponential fit (dotted line). (c) Comparison of the X time evolution for resonant 
and non-resonant excitations in linear scale. The resonant decay corresponds to a detection energy 
4 meV below the laser excitation. 
 
 In the case of resonant excitation, we directly photogenerated excitons and faster rise 
times are observed with respect to the non-resonant excitation (where free carriers are 
photoinjected) for both the X and BX bands. In particular, for resonant excitation, the X band 
shows a fast initial decay which corresponds to the BX rise time. We attribute this fast initial 
decay (which is of the order of 20 ps (±1 ps)) to the early stage exciton recombination before 
thermalization and localization occur. By resonant excitation, the photogenerated excitons 
undergo radiative recombination in competition with thermalization and acoustic phonon 
mediated relaxation into localized states at lower energies [112]. On the contrary, in the case 
of non-resonant excitation, the excitonic formation occurs from photogenerated free carriers, 
possibly also in high energy exciton states, and therefore exciton recombination arises from a 
different distribution of excitonic states, which also corresponds to different recombination 
kinetics, as observed in our samples. The fast initial decay, observed in the case of resonant 
excitation, cannot be attributed to resonant Rayleigh scattering [112] [113], our excitation 
being 4 meV above the detected PL. Note that in Fig. 6.5 (a), at the laser energy, we observe a 
large Rayleigh contribution, dominated by non-resonant elastic scattering, likely due to 
surface roughness. Finally, the lifetime measured at longer delays nicely corresponds to the 
one observed for non-resonant excitation, denoting that after interacting with acoustic 
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phonons, excitons eventually reach a similar distribution, for both resonant and non-resonant 
excitation conditions. 
 At the same time, we conclude that the biexciton formation only involves free 
excitons. Once excitons localize, due to structural disorder in the QW plane, the biexciton 
formation is quenched and the two populations of X and BX decay with their own radiative 
lifetimes. This picture is strongly supported by the fact that the exciton energy shift and the 
BX rise time after non-resonant excitation (see Fig. 6.5 (b)) occur on very similar time scales. 
It is well known that the TR PL shift indicates that excitons get progressively localized. In this 
respect, a 35 ps (±1 ps) decay time is found for the X energy shift, which nicely corresponds 
to the BX rise time under non-resonant excitation. Note also that the dynamical PL shift (less 
than 1 meV) is, as it applies in our case, only a fraction of the measured Stokes shift between 
PL and PLE spectra [114]. Another confirmation of our picture arises from the very similar 
decay time of the exciton band at different excitation powers (not shown here), from values 
where the BX recombination is very weak to the highest excitation.  This means that the 
biexciton formation involves only exciton states which are not populated at long delays. 
 Hence, the uncoupled recombination dynamics of X and BX in GaN QWs, associated 
with the small BX ionization rate, allows us to extract the recombination lifetime of the BX, 
which is not accessible in GaAs QWs due to the efficient thermalization processes. 
Theoretically, in quasi-two-dimensional systems, the giant oscillator strength model gives 
fairly comparable radiative decay rates for excitons and biexcitons [115], while the 
bipolariton model [116] predicts a very fast decay of biexcitons into interface polaritons. 
Experimentally, in GaAs QWs, TR PL only reflects the thermal equilibrium [106], whereas 
four wave mixing experiments show a BX radiative rate which is only slightly larger than the 
exciton radiative rate [109] [117]. In this respect, the present data would also support the first 
model, likely due to the fact that the exciton recombination occurs from localized states. 
  Although in the case of the QW with 9% Al content in the barrier the biexciton 
binding energy is found to increase up to 12 meV (Fig. 6.6), the recombination scheme is 
more complicated due to the very rapid localization of the exciton emission. We also notice a 
significant increase of the emission broadening, of the order of 10 meV (see the following 
section), likely caused by a higher strain between barriers and well leading to larger band gap 
variations with respect to the GaN/Al0.05Ga0.95N QW. In Fig. 6.6 we show the TR PL spectra 
under non-resonant excitation at 10 K and at a power density of 20 W/cm2 for the 
GaN/Al0.09Ga0.91N QW with a time window of ~190 ps between the spectra. While the 
biexciton recombination band is still present, the X band is found to quickly localize, and only 
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the localized emission (LX) is visible at longer delays. The strong localization of the emission 
is most likely due to a higher disorder with respect to the sample with 5% Al content in the 
barriers, resulting from the higher lattice mismatch between barriers and well layer. 
 
Figure 6.6. TR PL spectra (in semi-logarithmic scale) of the GaN/Al0.09Ga0.91N QW measured 
at 10 K and at a power density of 20 W/cm2 under non-resonant excitation at ~267 nm. 
The dotted lines are guides to the eye indicating the energy positions 
of the three recombination bands. 
 
 While a localization energy of 6 meV (±0.3 meV) is extracted from Fig. 6.6 for the LX 
band, we find that increasing the sample temperature from 10 K to 30 K is enough to increase 
the acoustic phonons interaction that leads to a complete delocalization of the LX band (Fig. 
6.7). We also note that, as a result of the increased biexciton energy with respect to the 
GaN/Al0.05Ga0.95N QW, the exchange of population between the X and BX remains negligible 
at 30 K. Hence, the data obtained at 30 K should be used to draw relevant conclusions on the 
state of the thermodynamic equilibrium and recombination kinetics of X and BX in the 
GaN/Al0.09Ga0.91N QW. 
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Figure 6.7. Streak images of the TR PL of the GaN/Al0.09Ga0.91N QW measured at 10 K, 20 K, and 30 K, 
respectively, and a power density of 20 W/cm2 under non-resonant excitation at ~267 nm. 
 
 Following the procedure described for the GaN/Al0.05Ga0.95N QW (Fig. 6.1 (c)) the 
expected quadratic dependence of the biexciton population on the exciton one is easily 
verified at 30 K (Fig. 6.8).  
 
Figure 6.8. Comparison of the X and BX TR PL intensities in logarithmic scale for the 
GaN/Al0.09Ga0.91N QW at 30 K. The line is the square of the X TR PL intensity scaled 
in order to fit with the BX data. 
 
 In the absence of the localized emission band, we can properly extract radiative 
lifetimes of the X and BX bands from their decay profiles in order to study the degree of 
thermalization between them. The results are similar to those obtained for the 
GaN/Al0.05Ga0.95N QW. A rise time of 10 ps (30 ps) (±1 ps) and a decay time of 390 ps (280 
ps) (±5 ps) are extracted for the X (BX) band from the decay profiles shown in Fig. 6.9. We 
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also report the square of the excitonic emission in Fig. 6.9, which depicts the expected trend 
for the evolution of a BX population in thermodynamic equilibrium with the X population. 
Once again, our data do not support the equilibrium condition. The longer lifetimes of the X 
and BX recombination bands, with respect to the GaN/Al0.05Ga0.95N QW, are a consequence 
of the increased QCSE present in this structure, resulting in a decreased overlap of the exciton 
and hole wavefunctions in the well region (see subsection §1.3.2), and, as a consequence, the 
decrease of their recombination rates. 
 
Figure 6.9. Decay profiles of the X (black line) and BX (red line) recombination bands 
(semi-logarithmic scale) measured at 30 K and at a power density of 20 W/cm2 for the 
GaN/Al0.09Ga0.91N QW. The square of the excitonic emission is also reported for comparison 
(green dotted line), as well as the instrumental response (blue circles). 
 
 To conclude this section, we have shown the presence of biexciton recombination in 
high quality GaN/AlGaN single QWs. We want to emphasize that it is one of the first reports 
on nitride based nanostrucutre. The observed large biexciton binding energy inhibits the BX 
ionization during its lifetime, allowing us to elucidate its radiative kinetics. We have also 
demonstrated that GaN QWs have reached an optical quality equivalent to that of GaAs based 
nanostructures, allowing us to study the excitonic and biexcitonic formations and 
recombinations. The increasing biexciton binding energy with increasing Al content in the 
barriers, which agrees with the findings in AlGaN epilayers [118], can make possible the 
investigation of biexciton physics above liquid nitrogen temperature (which is also of interest 
for fundamental physics and applications). Therefore, these findings appear very promising in 
view of realizing more efficient optoelectronic devices, as well as fundamental studies of the 
electron-hole correlations in GaN based nanoscale systems. Of particular interest to us is the 
possibility of using such high quality QWs to investigate the strong coupling regime and the 
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related properties of high occupancy coherent polariton states in nitride-based QW 
microcavities in order to overcome the deficiencies presented by bulk GaN MCs in achieving 
such states (see section §5.5). 
 Although a good control of the unwanted effects resulting from the presence of QCSE 
was achieved, we have seen that its effects on the radiative recombination of the X and BX 
populations in GaN/AlGaN QWs are not negligible, even for thin wells with low Al content in 
the barriers, and we will discuss these effects in the following sections. 
 
 
6.3. Impact of quantum confinement and QCSE on biexciton binding 
energy 
 
 The joint action of quantum confinement and QCSE in the two types of GaN/AlGaN 
QWs (with Al contents in the barrier of 5% and 9%, respectively), discussed in the previous 
section, was investigated through TR PL measurements by taking advantage of the thickness 
gradient of the well region. 
 Images of the TR PL for the two samples, as recorded by the streak camera, are shown 
in Fig. 6.10. These images were obtained by scanning the excitation spot across the two 
samples. The spectra in Figs. 6.10 (a) - (c) were taken at a temperature of 10 K and 
correspond to the sample with 5% Al in the barriers. For the sample with 9% Al content in the 
barriers, we chose to present the spectra taken at 30 K (Figs. 6.10 (d) - (f)), because of the 
significant localization of the exciton at a temperature of 10 K, as discussed in the previous 
section. In Figs. 6.10 (c) and (f), the unmarked bands at higher energy correspond to the PL 
emission from the AlxGa1-xN barriers. 
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Figure 6.10. TR PL images recorded by the streak camera. The energy of the exciton 
recombination band EX is indicated in each figure. (a) - (c) Images taken for the 
GaN/Al0.05Ga0.95N QW at a temperature of 10 K, for different positions on the sample. 
(d) - (f) Images taken for the GaN/Al0.09Ga0.91N QW at a temperature of 30 K, for 
different positions on the sample. Excitation densities were 80 W/cm2 for the sample 
with 5% Al content in the barriers and 15 W/cm2 for the sample with 9% Al 
content in the barriers. 
 
 As expected, the exciton emission energy increases with decreasing well thickness, i. 
e. increasing quantum confinement. The biexciton emission can be easily distinguished in 
these images, either as a prominent recombination band in the case of strong confinement 
(Figs. 6.10 (c) and (f)), or as a shoulder on the lower energy side of the exciton band, for the 
wider well regions (Figs. 6.10 (a) and (d)). Thus, the increase of the energy splitting between 
the exciton and biexciton with increasing quantum confinement appears as a straightforward 
result from the TR PL measurements, and it is a consequence of the confinement enhanced 
wave function overlap between the excitons, an effect already reported in ZnO/ZnMgO 
multiple QWs [118]. 
 In the previous sections we already covered fundamental aspects of biexcitons in 
narrow GaN/AlGaN QWs with low Al content in the barriers, such as the lack of 
thermalization between excitons and biexcitons at low temperature, and the early stage 
formation of biexcitons from free excitons. In this section we will focus on the impact of 
quantum confinement and QCSE on the binding energy of biexcitons in these structures. An 
important point we would like to address at this stage is the very notion of biexciton "binding 
energy". In the case of high quality III-V [106] and II-VI [107] QWs, ∆BX is considered as the 
energy difference between the exciton and biexciton recombination bands in the PL emission 
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spectra. In the case of ZnO based QWs however, localization effects acting on excitons and 
biexcitons prevent a precise determination of ∆BX from PL spectroscopy [118]. In fact, values 
of 50 meV Stokes shift for the exciton recombination band are reported, which are 
comparable to ∆X in these systems [118]. In order to clarify this point, we performed 
simultaneous reflectivity and PL measurements on the same point of the sample. Well 
resolved structures are found in reflectivity, for both A and B excitons, revealing the intrinsic 
energy positions of the excitons. A negligible Stokes shift is observed for the A exciton 
between the reflectivity and the PL spectra (Fig. 6.11), denoting a very small localization 
effect. Thus, we can properly extract ∆BX by evaluating the energy difference between the 
exciton and biexciton recombination bands. 
 
Figure 6.11. Reflectivity (full line) and PL (dashed line) spectra taken in the same point 
of the GaN/Al0.05Ga0.95N QW at 10 K. The A exciton (XA) is clearly visible in both spectra 
at 3.533 eV. The biexciton is only observable in PL. 
 
 In order to extract the energy positions of the exciton and biexciton recombination 
lines, we used the TR PL spectra with a time window of 70 ps after the excitation pulse. Such 
a value for the time window allows us to avoid the contribution of localized states to the PL, 
which become dominant at long delays. The experimental data (squares) were fitted using two 
Gaussian line shapes. The results are presented in Fig. 6.12, with spectra in Fig. 6.12 (a) (Fig. 
6.12 (b)) associated to the recombinations depicted in the streak images of Figs. 6.10 (a) - (c) 
(Figs. 6.10 (d) - (f)), respectively. 
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Figure 6.12. Experimental TR PL spectra measured at short delay (squares) relative to 
Fig. 6.10. The full lines are the sum of the fitting Gaussian line shapes (dotted lines). 
(a) From low energy to high energy, spectra associated with Figs. 6.10 (a) - (c). 
(b) From low energy to high energy, spectra associated with Figs. 6.10 (d) - (f). 
 
 A linewidth of 5.4 meV (±0.3 meV) was extracted from the fit of the exciton band of 
the GaN/Al0.05Ga0.95N QW, while for the biexciton band we estimated a broadening of 6.6 
meV. Equal line broadening values were used to fit the X and BX bands for the 
GaN/Al0.09Ga0.91N QW, but their value was found to vary across the sample, and they turned 
out to be larger than the ones used for the GaN/Al0.05Ga0.95N QW. In fact, as discussed in the 
previous section, a higher Al content in the barrier, with respect to the sample with 5% Al, 
leads to an increased impact of alloy disorder, thereby increasing the inhomogeneous 
broadening of the X and BX bands. These fluctuations have a higher weight for smaller well 
widths, and hence the linewidths used to fit the two recombination bands in Fig. 6.12 (b) 
increase from 9.8 meV for the lower energy spectrum, to 11.4 meV (±0.3 meV) for the higher 
energy one. For both samples, the energy difference between the Gaussian fits of the X and 
BX bands was taken as the biexciton binding energy. 
 This fitting procedure was repeated for all the spectra acquired along the thickness 
gradient of the two samples. The resulting biexciton binding energies as a function of the 
exciton energy and QW thickness are depicted in Figs. 6.13 (a) and (b), respectively. The 
latter set of data has been deduced by modeling QW interband transitions using envelope 
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function calculations including an electric field of 270 and 500 kV/cm for the samples with 
5% and 9% Al content in the barriers, respectively [119]. 
 
Figure 6.13. Biexciton binding energy as a function of (a) exciton emission energy and 
(b) the QW thickness for various points on the sample, for the two GaN/AlGaN QWs 
with 5% As content in the barriers (squares) and 9% Al content in the barriers (circles), 
respectively. Least square linear fits of the two sets of data in Fig. 6.13 (b) are represented 
as a dashed line (5%) and a dash dotted line (9%), respectively. The biexciton binding 
energy of the GaN buffer layer is represented as a dotted line. 
 
 For each barrier height, ∆BX increases monotonously with increasing quantum 
confinement, up to a limit where the exciton emission energy is very close to the emission 
from the AlGaN barrier. The highest measured values of biexciton binding energies are 9.1 
meV for the GaN/Al0.05Ga0.95N QW, and 12.6 meV for the GaN/Al0.09Ga0.91N QW. An 
interesting result to note is the smallest measured biexciton binding energy, of only 4.6 meV 
in the GaN/Al0.05Ga0.95N sample, which is below the 5.8 meV BX binding energy measured in 
the 3 µm GaN buffer layer (dotted line) of the same structure. The crossover from ∆BX values 
exceeding that measured in bulk GaN to values lower than the latter occurs at a QW thickness 
of about 9 monolayers (MLs), i. e. a thickness close to that where a similar transition is 
reported for the case of QW interband transition energies [119]. This can be attributed to the 
significant QCSE present in GaN based QWs [120]. Even for a small Al concentration in the 
barriers (5%), this field is strong enough to reduce the biexciton binding energy below that of 
bulk GaN, although the energy of the exciton recombination band is slightly higher than that 
of bulk GaN. Note also that the knowledge of ∆BX gives access to an indirect estimate of ∆X, 
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as the latter has been shown to be linked to ∆BX in two-dimensional systems through the ratio 
228.0=∆∆ XBX  [121]. Such an expression is expected to be valid even in the presence of an 
electric field. In the present case, it would lead to exciton binding energies spanning from 20 
meV for the largest well thickness investigated here to 55 meV for the thinnest one. We note 
that, due to strong QCSE present in the thick GaN/Al0.09Ga0.91N QW, we find that not only the 
biexciton binding energy, but also the exciton binding energy is below that of bulk GaN, as 
predicted [78]. 
 Finally, we point out that for QWs larger than 3 MLs, theoretical calculations  indicate 
that ∆X starts to be strongly affected by the QCSE, thereby inducing an increased electron-
hole pair separation, which results in a decrease of ∆BX proportional to the internal electric 
field present in the QWs [122]. Hence, the crossing between the two sets of data in Fig. 6.13 
(b) (as emphasized by the least square linear fits) suggests that for thin QWs, where the 
quantum confinement dominates, ∆BX will be larger for the structure with 9% Al content in 
the barriers. Conversely, for thick QWs, ∆BX will be larger for the structure with 5% Al 
content in the barriers, as the impact of the QCSE is smaller in these wells. 
 To conclude this section, TR PL measurements performed in two types of 
GaN/AlxGa1-xN QWs with low Al content in the barriers reveal an increase of the biexciton 
binding energy with increasing quantum confinement. For low quantum confinement values, 
the BX binding energy is found to decrease in the GaN/Al0.05Ga0.95N QW below that of bulk 
GaN. This result is a fingerprint of the strong QCSE present in these structures. 
 We would also like to note at this point the observation of a feature in the reflectivity 
spectra of the GaN/Al0.05Ga0.95N QW (Fig. 6.11), attributed to the B exciton (XB). The clear 
observation of the B exciton absorption line was likely made possible by the very small 
disorder, leading to sharp excitonic transitions, in the GaN/Al0.05Ga0.95N QW. This is a result 
which, to our knowledge, has not been reported previously in literature, and therefore it 
triggered our interest to gain a deeper insight on the physics behind the B exciton transition in 
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6.4. B exciton recombination kinetics and impact of quantum confinement 
on A and B exciton energy splitting 
 
 In order to gain access to the B exciton recombination kinetics a suitable point on the 
GaN/Al0.05Ga0.95N QW needed to be found, in which the recombination from the barrier 
would not mask the XB band. In Fig. 6.14 we present the TR PL spectra with a time delay of 
30 ps at 10 K and at a power density of 80 W/cm2 under non-resonant excitation at ~267 nm 
corresponding to an energy of the XA recombination band of ~3.527 eV (±1 meV). The XB 
recombination is clearly visible as a shoulder on the higher energy side of the spectra, 
approximately 10 meV above the XA band, which is a value estimated from the reflectivity 
measurement taken in the same point of the sample (not shown here). 
 
Figure 6.14. TR PL spectra (in semi-logarithmic scale) of the GaN/Al0.05Ga0.95N QW 
with a time window of 30 ps taken at 10 K and at a power density of 80 W/cm2 
under non-resonant excitation at ~267 nm. 
 
 From each of the TR PL spectrum in Fig. 6.14 we subtracted an exponential decay that 
fits the shoulder of XA, as illustrated in the inset of Fig. 6.15. We point out that a background 
was added to the fitting of the exponential decay to account for the background signal in the 
PL spectra. The spectra resulting from this subtraction procedure are presented in Fig. 6.15, 
and they represent the evolution of the XB recombination band at each time step. 
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Figure 6.15. TR PL spectra of the XB recombination band extracted from Fig. 6.13 
following the subtraction procedure illustrated in the inset. 
 
 A shoulder can be seen on the higher energy side of the XB band for short delays 
because we kept the same decay constant in the subtracted exponential decay throughout the 
fitting procedure, although the shoulder of the XA band changes inclination, likely due to an 
instrumental effect. However, we consider that this fitting approach gives a fairly good 
estimate for the time evolution of the XB recombination band. The time dependence of the XB 
band intensities, as extracted from Fig. 6.15, is reported in Fig. 6.16 in semi-logarithmic scale. 
 
Figure 6.16. Decay profiles (in semi-logarithmic scale) of the XB recombination band 
(black squares) and XA recombination band (black line), and their respective 
exponential decay fits (red lines). 
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 We retrieve a 180 ps (±20 ps) lifetime for the B exciton recombination band (τXB) 
from the partial decay of Fig. 6.16. We also report the decay profile of the XA band for 
comparison, which is found to have a lifetime of 230 ps (±5 ps) (τXA) in this point of the 
sample using an exponential decay fit. The similar decay times of the two populations reflect 
similar recombination kinetics, as well as a strong interaction between the two states, as 
evidenced by TR PL measurements with the energy of the excitation resonant with the XA 
band. In fact, we find identical contributions of the XB recombination band in the PL spectra 
for both XA-resonant and non-resonant excitation (not shown here), indicating a possible 
thermodynamic equilibrium between the two populations. 
 The remarkable observation of the B exciton recombination band in both reflectivity 
and PL was made possible by the high optical quality of our GaN/Al0.05Ga0.95N QW, resulting 
in a small inhomogeneous broadening of the excitonic transitions and a reduced influence of 
the QCSE. However, as we have seen for biexcitons, the variation of quantum confinement 
and QCSE with well thickness can give rise to interesting effects. In the following we will 
investigate the effect of quantum confinement of the A-B excitonic splitting. 
 In Fig. 6.17 we present the reflectivity (dotted line) and PL (solid line) spectra taken in 
the same point of the GaN/Al0.05Ga0.95N QW at 10 K, with XA at 3.533 eV (±1 meV). As 
mentioned previously, a negligible Stokes shift is observed for XA between the reflectivity 
and the PL spectra, denoting a very small localization effect. While prominent features can be 
observed for XA in both reflectivity and PL, XB is quite visible in reflectivity, and it only 
appears as a shoulder on the high energy side of XA (marked by an arrow) in PL, likely due to 
the thermalization effects already discussed. The presence of the biexciton (BX) in the QW 
emission spectrum has been discussed in the previous sections of this chapter. The features 
visible on the low energy side of Fig. 6.17 correspond to the A and B excitons and to the 
biexciton of the GaN buffer layer, but they were left unmarked to avoid confusion. 
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Figure 6.17. Reflectivity (dotted line) and photoluminescence (solid line) spectra taken 
in the same point of the GaN/Al0.05Ga0.95N QW at T = 10 K. On the high energy side 
of the plot, XA (XB) designates the A (B) exciton feature of the QW, while BX refers 
to the biexciton emission from the QW observable only in PL. On the low energy side 
of the plot, similar features can be seen for the GaN buffer layer. 
 
 From the reflectivity spectrum displayed in Fig. 6.17, we extract a 7.3 meV (±0.3 
meV) energy splitting between the A and B excitons of the GaN buffer layer, a value which is 
consistent with those found by other authors for GaN layers grown on c-plane sapphire 
substrates [40] [41] [123]. However, the value extracted for the energy splitting between XA 
and XB corresponding to the QW is found to be 9.1 meV (±0.3 meV), which is a clear 
indication of the effect of quantum confinement on the energy splitting between these two 
excitons. 
 In order to extract the variation of the energy splitting between XA and XB with 
quantum confinement, we took advantage of the thickness gradient of the well region, and we 
acquired several reflectivity spectra at different positions across the sample (Fig. 6.18). As 
expected, the energy positions of XA and XB increase with increasing quantum confinement, 
whereas the energies of the GaN buffer features (buffer in Fig. 6.18) and Al0.05Ga0.95N barriers 
(barrier in Fig. 6.18) remain unchanged. This proves that a change in quantum confinement is 
caused by a change of the well width, and not by a variation of the barrier height (i. e. a 
variation of the Al content in the barriers). 
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Figure 6.18. Reflectivity spectra taken in different positions across the well thickness 
gradient of the GaN/Al0.05Ga0.95N QW at T = 10 K. The spectra are shifted in intensity 
for the sake of clarity. 
 
 Fig. 6.19 shows the energy splitting between XA and XB, as extracted from the 
reflectivity spectra of Fig. 6.18, as a function of XA (squares). 
 
Figure 6.19. Energy splitting between XA and XB of the GaN/Al0.05Ga0.95N QW as a 
function of the A exciton energy position (squares), as deduced from the reflectivity 
spectra in Fig. 6.17. The theoretical fit to the experimental data is shown as a full line. 
The value of the energy splitting between the A and B excitons of the GaN buffer layer 
of our sample is reported as a dotted line. 
 
 The clear enhancement of the energy splitting between the two excitons is attributed to 
the presence of quantum confinement in our quantum well. The impact of quantum 
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confinement is stronger for XB which corresponds to a higher state than XA, hence the 
increase of the energy splitting from 7.3 meV measured for our GaN buffer layer (dotted line) 
up to around 10 meV measured for the thicker well achieved in our sample. Ideally, if the two 
excitons were placed in a QW with infinite barriers, their energy splitting should increase with 
increasing confinement (i. e. when reducing well width). However, in our case, the decreasing 
trend of the energy splitting between XA and XB can be explained by the presence of AlGaN 
barriers with only 5% Al content. Hence, when decreasing the well thickness, while the 
energies of both XA and XB increase, XB approaches the barrier limit before XA does, so that 
the electron and hole wavefunctions of XB are more sensitive to delocalization effects outside 
the well region making the overall energy enhancement due to the increase in quantum 
confinement smaller than for XA. Eventually, for the largest confinement values obtained on 
the sample, the energy splitting between XA and XB approaches that of bulk AlGaN barriers. 
 The decreasing trend of the splitting with increasing quantum confinement is in good 
agreement with theoretical simulations performed by our colleagues at the University of 
Rome "Tor Vergata" using the TiberCAD simulation tool [124] [125]. In these calculations, a 
strain model is applied [126], based on the continuous elasticity theory, which allows to 
include the effects of strain, piezo and spontaneous polarization fields in the Poisson equation. 
Surface states are taken into account by imposing a Fermi level pinning boundary condition to 
the AlGaN layer. Then, quantized states are obtained by using an 8-band k ⋅ p approximation 
[127] with the parameters reported in Ref. [33]. For the theoretical curve reported in Fig. 6.19 
(solid line), a valence band offset (VBO) of 30% and a 35 meV average exciton binding 
energy, for both XA and XB, were considered. We also note that, quantitatively, the variation 
of the theoretical splitting between XA and XB was found to be of the order of 3% when 
changing the VBO between 25% and 32%. 
 To conclude this section, the recombination kinetics of the B was extracted from the 
TR PL spectra at low temperature for the GaN/Al0.05Ga0.95N QW, while reflectivity 
measurements performed showed an enhancement of the energy splitting between the A and 
B excitons, with respect to a bulk GaN structure, due to the presence of quantum confinement. 
However, with reducing well width, the effect of the finite barriers causes a larger 
delocalization of the electron and hole wavefunctions of XB, and, consequently, a reduction of 
the energy splitting between XA and XB, in very good agreement with theoretical simulations. 
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6.5. Conclusions of the chapter 
 
  The very high optical quality of the state-of-the-art samples discussed in this chapter 
allowed us to gain insights on fundamental physical properties never observed before in GaN 
based quantum wells. The use of barriers with low Al content, together with an optimized 
growth of thin well regions, proved crucial in reducing the negative effects related to alloy 
fluctuations in the barrier and the presence of QCSE. This made possible the first observation 
of the biexciton recombination in nitride based quantum wells, a fingerprint of their very high 
quality, comparable to that of their GaAs counterparts. Moreover, the large biexciton binding 
energy allowed the determination of the intrinsic radiative rates of the X and BX populations 
directly from TR PL measurements, something that was not possible for GaAs QWs due to 
the existence of a thermodynamic equilibrium between the two populations. 
 While a strong enhancement of the binding energies of excitons and biexcitons with 
increasing quantum confinement was observed, the QCSE was also found to have a 
significant impact for increased thicknesses of the well region (> 9 MLs), resulting in a 
reduction of their values below those of bulk GaN. Finally, owing to the very small 
inhomogeneous broadening of the excitonic transitions, the presence of the B exciton was 
resolved for the first time in such a structure, both in PL and reflectivity, and the dependence 
of the A-B exciton energy splitting with quantum confinement was measured. 
 The increased exciton binding energy, high oscillator strength, and small 
inhomogeneous broadening of the emission of such thin GaN/AlGaN QWs with low Al 
content in the barriers are strong arguments in favour of their integration as active media in 
GaN based QW microcavities for the achievement of a strong coupling regime, and, 
eventually, of a polariton condensate. However, at the time this study was realized, such a 






 In this work we presented an experimental study of two types of GaN based 
nanostructures: bulk GaN microcavities (and related heterostructures) and GaN/AlGaN 
quantum wells with low Al content in the barriers. The driving force behind the study of such 
structures was the achievement of a GaN based microcavity exhibiting the formation of a 
polariton condensate at room temperature. 
 The first chapter emphasizes the advantages of the excitonic properties of bulk GaN 
and GaN quantum wells over more traditional materials, such as GaAs based nanostructures. 
In fact, the existence of a direct band gap at the Γ valley favouring optical transitions, the 
possibility of tuning the emission from IR to deep UV, when ternary and quaternary alloys 
with Al and In are considered, and a large binding energy that allows excitons to be stable up 
to room temperature (and beyond) suggest that GaN related materials are indeed the best 
choice for the realization of next generation optoelectronic devices. As a matter of fact, GaN 
related nanostructures have dominated the market of optoelectronics ever since the 1990s, 
with the realization of the first GaN based commercial LEDs, up until the present day, with 
the implementation of GaN based laser diodes in high-tech devices such as the Blu-ray Disc. 
 While these devices have largely overcome the physical limitations of their arsenide 
counterparts, the high strain was shown to give rise to numerous structural defects, which 
raised questions about the possibility of achieving subtle quantistic effects such as the Bose-
Einstein condensation of polaritons in a GaN based quantum well microcavity. The presence 
of disorder and QCSE proved to have a strong negative impact on the excitonic properties of 
GaN/AlGaN single QWs alone, which led growers to discard them as possible active media in 
a GaN based microcavity, in a first approach, and to consider bulk GaN instead. 
 Thus, the transfer matrix formalism presented in the second chapter was adapted to 
describe the coupling of excitons and photons in a Fabry-Pérot-like resonator considering a 
bulk GaN active layer as the source of excitation. We presented simulations of optical 
parameters (reflectivity, quality factor), specific of the heteroepitaxial components making up 
the resonator (DBRs) that would accommodate a bulk GaN active layer. Important 
conclusions were drawn, such as the number of λ/4 layers that should be used for a DBR in 
order to achieve a satisfactory reflectivity. We have also shown how the strong coupling 
between excitons and cavity photons strongly modify their dispersion curves giving rise to a 
7. Conclusions 
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new particle - the polariton - which is a linear superposition of the two uncoupled states. We 
estimated a Rabi splitting of the order of 35 meV for a fully epitaxial bulk GaN microcavity, 
considering the 1 meV longitudinal transverse splitting reported in literature. Such a large 
value for the Rabi splitting, compared to that of 5 - 7 meV for GaAs MCs, assures the stability 
of polaritons at room temperature, providing a perspective to achieve a polariton condensate 
at this temperature. 
 However, because of the strong strain effects lowering the optical quality of GaN 
based heterostructures, the practical achievement of the predicted room temperature strong 
coupling in a bulk λ/2 GaN microcavity proved to be a lengthy process that required a 
continuous optimization and reevaluation of the growth parameters. The experimental results 
presented in chapter §5 trace the evolution of microcavity related heterostructures into 
complete bulk GaN microcavity structures. We showed that even for simple nanostructures 
such as GaN epilayers the design of the sample has a decisive effect on its optical quality, due 
to uncertainties in controlling strain related effects during the growth process. The broadening 
of the free excitonic emission was found to increase up to a factor of two when using buffer 
layers in order to relief the strain between the substrate and the epilayer. Hence, the 
introduction of additional structural defects through the use of buffer layers outweighed the 
benefits of having a more relaxed epilayer. Moreover, the need to achieve structures that 
could be easily adapted for large scale production and integration into practical devices led to 
the growth of subsequent microcavities and related heterostructures without the use of buffer 
layers. 
 Strain related defects were still found to have an important influence on the optical 
properties of our samples, accounting for the strong reduction of the AlN/Al0.2Ga0.8N bottom 
DBR's stop band from the theoretically predicted value of 330 meV to the ~150 meV (±10 
meV) measured experimentally, as well as the very short exciton lifetime (~3 ps) in the active 
layer of the λ/2 GaN half cavity indicating a major role of non-radiative channels in the 
recombination kinetics. In fact, the defect density in a fully epitaxial bulk GaN microcavity 
was so high that no coupling between the exciton and photon modes was observed. The first 
breakthrough towards the coupling of the two modes was achieved by employing a top Al 
mirror instead of an epitaxial one, but this allowed only the weak coupling of the two states, 




 A major step in increasing the quality factor of the resonator was the replacement of 
the top Al mirror with a dielectric DBR made of amorphous Si3N4/SiO2 λ/4 layers. Their 
increased refractive index ratio 341.1/
243
=SiONSi nn , compared to 164.1/8.02.0 =AlNNGaAl nn , as 
well as the fact that these layers were not subject to the same strain related structural defects 
as the underlying heteroepitaxial λ/2 GaN half cavity resulted in an increase of the 
microcavity quality factor from ~35, in the case of the Al top mirror, to ~150. This allowed 
the observation of a clear anticrossing of the polariton modes in both reflectivity and 
photoluminescence measurements from 10 K to 300 K, demonstrating the presence of a 
strong coupling even at room temperature. The strong coupling was also evidenced by the 
decrease of the emission broadening and lifetime of the lower polariton with increasing its 
photonic fraction. 
 While the population of the upper polariton through acoustic phonon interactions was 
found to be more efficient with increasing temperature, the very short lifetime of the emission 
from the lower polariton (< 3 ps) raised questions about the state of thermalization of the two 
polariton branches. This point was elucidated by comparing the experimental LP PL spectra at 
resonance with the PL deduced from the absorption spectra in the same point of the sample 
multiplied by a Boltzmann filling factor corresponding to a temperature of 300K. The very 
good agreement between the two spectra demonstrates the existence of very efficient energy 
relaxation processes in our bulk GaN microcavity, mainly through acoustic phonon 
interactions. This aspect is in sharp contrast with the findings on GaAs based microcavities 
where a strong polariton bottleneck was found to inhibit the relaxation of lower polaritons 
towards low k state, thus forbidding the formation of a condensate in non-resonant excitation 
conditions. 
 In order to check for the existence of a relaxation bottleneck in our GaN microcavity, 
we performed angle resolved PL measurements at various temperatures and different 
detunings, which allowed us to determine the occupancy of the polariton branches. At low 
temperatures we find an enhancement of the LP PL at angles where the two modes anticross, 
denoting the presence of the relaxation bottleneck in our structure. However, a reduction of 
the emission enhancement is observed with increasing the temperature of the sample, and a 
complete suppression of the relaxation bottleneck is found at room temperature. We conclude 
that at room temperature the exciton - acoustic phonon interaction is the dominant relaxation 
mechanism through which the lower k states are populated, as supported by theoretical 
simulations based on semi-classical Boltzmann equations. 
7. Conclusions 
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 In spite of the significant advantages that our bulk GaN microcavity seems to offer 
over GaAs based MCs, such as the stability of the strong coupling at 300 K and the very 
efficient energy relaxation of the lower polariton, we do not find a marked superlinear 
increase of the LP emission at k = 0 when increasing power density. This is an indication that 
the strong disorder still present in our structure, mainly caused by strain related effects, 
prevents the achievement of a polariton condensate. 
 The subsequent study of narrow GaN/AlGaN quantum wells with low Al content in 
the barriers was motivated by the need to improve the excitonic properties of existing 
microcavity structures. The first observation of biexciton recombination in these wells, a 
proof of their very high optical quality, denoted a major breakthrough in controlling the alloy 
fluctuations and the QCSE. The observed large biexciton binding energy (up to ~12 meV) 
inhibits the biexciton ionization during its lifetime for low temperatures, allowing us to 
elucidate its radiative kinetics. This proved to be an interesting aspect which could not be 
resolved in GaAs-based and II-VI QWs due to the presence of thermodynamic equilibrium 
between the two populations and/or large emission broadenings. 
 While a strong enhancement of the binding energies of excitons (up to ~55 meV) and 
biexcitons with increasing quantum confinement was observed, the QCSE was also found to 
have a significant impact for increased thicknesses of the well region (> 9 MLs), resulting in a 
reduction of their values below those of bulk GaN. 
 We also pointed out that the small broadening of the A exciton recombination band, of 
the order of ~5 meV in the QW with 5% Al content in the barrier, allowed the first 
observation of the B exciton in such a structure, both in PL and reflectivity. While the A-B 
exciton energy splitting was found to be enhanced by the quantum confinement, with respect 
to the bulk case, the effect of the finite barriers causes a larger delocalization of the electron 
and hole wavefunctions of the B exciton, and, consequently, a reduction of the energy 
splitting, in very good agreement with theoretical simulations. 
 The remarkable optical properties of these structures establish them as the state-of-the-
art in the field of GaN based single QWs and recommend them for further integration in GaN 
based QW microcavities for the achievement of a strong coupling regime, and, eventually, of 








 Although in this study we were not able to present the achievement of a coherent 
emission arising from a polariton condensate, room temperature polariton lasing was 
eventually demonstrated very recently both for a bulk GaN microcavity [128] and a 
GaN/AlGaN multiple QW microcavity [129]. The improved optical quality of these MCs 
however came at the expense of realizing more elaborate structures. The use of lattice 
matched λ/4 layers in the bottom DBR resulted in a decreased refractive index ratio of these 
layers, and hence ~3 times as many layers were employed for the bottom DBR with respect to 
our bulk GaN MC. Moreover, the samples were deposited on high-quality GaN templates, 
grown on sapphire, making them expensive to realize and difficult to integrate in 
optoelectronic devices. 
 In order to obtain a structure that is feasible for mass production and easy integration, 
on the basis of the research presented in this thesis, a different design can be proposed that 
assumes that the entire growth is done by MOVPE instead of MBE. Also, this structure must 
allow a precise control of doping, which is hard to achieve if the DBRs are made out of 
heteroepitaxially grown layers. The proposed design assumes a full hybrid microcavity that 
has both the top and bottom DBRs made of Si3N4/SiO2 λ/4 layers. The first DBR should be 
deposited on a high quality GaN bulk layer or multiple QW structure. Next, the 
substrate/buffer should be removed, and the bulk/QW active layer should be etched down to a 
desired thickness of mλ/2. The microcavity should be completed by the deposition of another 
Si3N4/SiO2 DBR on the etched side of the active layer. Very high quality GaN based 
microcavities would be eventually obtained through this approach, which also allow an 
efficient control of their doping properties, making them easy to integrate in optoelectronic 
devices. 
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